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フォ トニ ック結晶からの ス ミス ･Ji - セ ル放射の親測デ ー タ. 1 50M eV
の電子ビ ー ムをフォ ト ニ ック結晶の表面(=平行に走らせ ビ ー ム の真上方
向で親測｡ フ ォ トニ ック結晶は直径3.2m m の polytetr aAu o r o ethy-
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を周波数 u と親測した光子の波数ベク トルの電子 ビ ー ムの方向 ヘ の成
釜親 潮 .I7y=yagLuo.i(鮎毒品'話芸2L)毒
tydm#a&n?.e諾
実証(輪文6) したもの ｡
平成1 4年､ 1 5年度 科学研究費補助金
｢球配列フ ォ ト ニ ック結晶の光子の バ ン
構築+ を終えるにあた っ て
(売諾詣完)i2;)i)#モ デルの
フ ォ トニ ック結晶の研究は ､ デバイ ス - の展開を視野に入れて ､ ますます盛んになっ
て い る ｡ 本研究では ､ デバイ ス - の展開 におい て ､ 最も重要な因子 となるはずの 物
質か らの 光子 の漏れ に多かれ少なかれ関係す る基礎的なテ
ー マ の解明を意図して い
る ｡
ポテ ン シ ャ ル の 壁 で 電子を閉 じ込 め ､ 電子 の漏れを起 こさずにデザイ ン どおり の 2
点を通過 させうる こ とが半導体を利用 した集積回路の発展の基礎で あるo これに対
し
､ 時間に つ い て 2階の 微分方程式で きまる光子 の ダイ ナミク ス におい て は ､ 光子
の 閉 じ込め はず っ と難題 で あり ､ 系に表面があれば表面からの漏れが避けがたい o
本研究は光子 の漏れ の研究で あると言 い換えて もよい ｡
取り扱っ た テ ー マ は 多岐に渡り ､ 特に ､ 球形お よび円筒形の誘電体や金属の 周期配
列系とそ の 関連の 非周期系の性質を扱 っ て い るo こ の 系 臥 より複雑なさまざまな
フ ォ ト ニ ッ ク結晶 の も つ 諸性質を如実に実現すると同時に ､ 配列単位の ､ 球対称性
や軸対称性 を利用 して 数学的解析が完壁 に行えるとい う特徴を持 っ て い る｡ この 系
を定量的に理解す る こ とにより ､ 現実に作成され実験 ･ 理論の研究の 対象にな っ て
い る多くの フ ォ ト ニ ッ ク結晶の 性質を理解する こ とができる｡
ほぼ成功裏に成果を収 めて報告書をま と める ことができるの は研究代表者､ 分担者
を取り 囲む ､ 千葉大学 ､ 東北大学､ 理化学研究所 ､ 物材機構 ､ 日本大学 ､ 東京大学､
ぉ よび ベ ル ギ ー の 多くの研究者たちの ご協力の 賜物で ある ｡ こ の報告書の 大部分は
それらの研究者たちの業績を採録する こ とで成り立 っ て い る o これらの 論文の著者
たちに厚くお礼を申 し上げる とともに深 い敬意 を表す るもの で あるo こ の研究を基
礎 に して より い っ そう フ ォ トニ ック結晶の 分野が発展する こ とを期待 して い るo
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(6)-1･ 狙 い
こ の 基盤研究の狙 い はフ ォ ト ニ ック結晶 (PC)で最も典型的にその特徴が現れ ､ ･ か つ ベク トル球面
波を使う ことによ っ て最も完壁に解析ができ る帯電体球または静電体円筒の 配列系における光子 の
挙動を理翰的に追求し ､ とりわ け M ie 散乱の起源をモ デル化して電子系の於けるア ンダ ー ソ ン ハ ミ
ル トニ ア ンに相当する光子ア ン ダ ー ソ ン ハ ミル ト ニ ア ン の正当性に轟づけを与え､ それを用いて P C
に 関 して 大規模な数値計算で しか到達し得ない結果を定量的にもできるだけ単純なシナリオで理解
しようとする試み である o
(6)-2･ 研究の背景
ア ン ダ ー ソ ン ハ ミル トニ ア ン の オリジナル版は､ 金属に不純物として含まれる磁性原子が及ぼす伝
導電子 の 挙動 を鋭 明す るために 導入された｡ 不純物原子は鋭い d レ ベ ル等からなる順位を持 ち､ そ
の順位は､ エ ネ ル ギ ー 的に伝導電子 の バ ン ドの中に埋め込まれてい ることがおおい ｡ も しも ､ 伝導奄
子がト ンネル効果に よ っ て不純物原子順位に入れば､ 不純物原子には､ はいり込んだ電子のス ピ ン
に もとずく磁気モ ー メ ン トが生 じ､ 他 の伝導電子はそれにによ っ て ス ピ ン に依存する散乱を受ける｡
逆に､ 一 旦不純物原子内に入り こんだ電子が､ ト ンネル効果によ っ て伝導帯の平面波状態に抜け出せ
ば ､ 不純物原子 の 磁気モ ー メ ン トは突然消滅する｡ こ の電子の不純物原子 - の出入りが伝導電子に 時
間とス ピ ン に依存する摂動を与え､ 伝導帯の 電子 (多体系)はそれに従っ た挙動をとる｡ たとえば､
磁気 モ ー メ ン トに よる散乱をうけ電気抵抗が生 じるo こ の電子の d順位からの出入りをモデル化 し
たの がア ンダ ー ソ ン ハ ミ ル ト ニ ア ン であ っ た｡ このア ン ダ ー ソ ン ハ ミル トニ ア ン を基礎に､ 近藤効果
が議輪 されたo 近藤効果は時間 に依存して突然現れたり消 えたりする摂動にたい する伝導電子の 応
答がフ ェ ルミ面上 の電子の散乱断面積に対数的な発散を与え､ 電気抵抗が温度の現象とともに増加す
る現象であるQ
球形であれ ､ 円筒形で あれ､ 孤立 した誘電体の 中には光の束縛状態 (M ie状態) が生 じるが､ 光 の束
縛状態は常に孤立系 の外部に存在する平面波状態の光子の連続状態の中に埋め込まれてい る｡ こ の
た め ､ 束縛状態にあ る光子は完全に光に閉じ込められて い るので はなく､ ある確率で外部に漏れ る｡
光子とい う粒子像を用い れば ､ 外部の連続状態と内部の鋭い光子の束縛常態の間にの出入りが存在
するo こ の ために M ie 状態に い る光子は有限の寿命を持っ て い るとい える. 孤立系による光の散乱
実験を行うと ､ こ の束縛状態があるために､ 鋭 い共鳴的な散乱確率の増大が見られ ､ その幅はその順
位にい る光子の漏れ による寿命を与えるo この シナリオは､ 電子系で のア ンダ ー ソ ン モ デ ル との類似
性 を如実に示 して い るとい える｡
M ax w ell方程式 を解けば白熱 ここの幅がつ いた散乱断面積が計算され ､ 実験ともよい 一 致を示 し, 大
き なQ値を持 っ た鋭 い ス ペク トル の光子だめと して M ie順位を持つ 孤立誘電体系を利用することが
できるo CavityQuantu m Ele ctr o nics(CavityQE D)はこ の 巨大なQ値をも つ M ie順位にいる光子
を レ ー ザ ー 発振や光応答に利用 しようとするもの で あるc
こ のような光子だめの利用は孤立形にとどまらない ｡ フ ォ ト ニ ック結晶では これらの 孤立した単位か
らの 光子の漏れが順位から順位 - の 光子の ホ ッ ピ ン グの もとにな っ て ､ 強結合バ ン ドが形成され る｡
大切なことは､ 漏れによる M ie 順位 の状態密度に現れる幅が周期系での コ ヒ - レ ン トなモ ー ドの バ
ン ド幅になる こ とである. すなわち､ 単 一 孤立系か ら2孤立系 ､ 3孤立系 … と孤立系の 数を増や し
て い くと ､ 漏れ による孤立系間の相互作用が生 じ､ 相互作用が なけれ ば､ 2重､ 3重 … と縮退 して
い た M ie 順位が分裂し､ やがて M ie 順位の 幅がバ ン ド幅にク ロ ス オ ー バ ー して いくとい う描像が成
り立 つ と思われるo こ の ように して孤立 した単 - の 系では有限の 寿命と して Q 値の増大 のネ ッ クに
な っ て い た光子 の漏れが､ 完全な周期系で は coherentな光子 の状態 (したが っ て その 状態に はい っ
た光子 の寿命は無限大) を作るもとになる の で あるQ
(6)-3. 研究の目的
本研究の 目的は
(a)孤立系から の光子の漏れ をで きるだけ正確に取り込 んだ､ 光子 ア ン ダ ー ソ ン モデルを構築する こ
とo
(b)孤立系を連ねる ことによ っ て ､ 孤立系における漏れ による光子 の寿命がフ ォ ト ニ ック /〈 ン ドの バ
ン ド幅に いかにク ロ ス オ ー バ ー するか を見 ること｡
(c)有限 のサイ ズ の 周期系やま っ たく周期性を持たない非周期系で ､ 光子 の漏れが光子 の状態に どの
ような彩響を及ぼすか､ また ､ 光応答にそ の彪響がどう現れ るか明らかに し､ あたら しい現象を提示
し､ 実験の 提案をする｡
(6)-4. 総括
(a)と(b)は密接に 関連するが ､ ､ こ の ニ つ の 目的に つ い て は (a)の みを達成 しただけで 50% t壷ど
の達成率である o その 理由は､ 2年間の こ の チ ー ム の エ ネル ギ ー は上の目的の(a)の ほかは(ち)を飛
び越 して(c)に含まれる
(1)･ フ ォ ト ニ ッ ク結晶にお けるス ミス ･ パ ー セ ル放射の解明
(2). チ巨周期系フォ ト ニ ック散乱系の ギャッ プの 存在と光応答 - の彪響
の研究に集中的に注がれたからで ある｡ しか しながら､ こ の(1)･ と(2). の研究はそのほとん どが M ie
モ ー ドの滞れ によ る寿命とそ の影響と して の外部の光シ グナル - の 共鳴現象が関係して い る｡ M i｡
モ ー ドにおける滑れを伴う状態療度の形成が ､ 周期系 ､ 非周期系 ､ 少数散乱体系で どのような状態密
度に変化 して い くか､ どの ように光応答に影響するか という総合的な観点で捕らえれば､ こ の 2年間
の研究はこ の基盤研究の 課題 に合致して い るの で ある. こ の 観点から縛括をするならば､ 達成度は
100% 以上 のも の だ っ たとい うこ とができる｡ そ の ことは以下に掲げる発表翰文の リス トと(8)で述
べ るそれ ぞれ の要約､ および ､ 本冊子東尾に採療した論文の内容からうかが い 知れるとお もう｡
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境界要素法による任意 の形状をした散乱体か らの光散乱
日本物理学会第58回年次大会 東北大学 3月 28日 (2003)
12. 宮寄博司､ 長谷正 司､ 宮崎英樹､ 他
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its ap plicatio nto 七r a n s mis sio ngr atings
P ECS- Ⅴ, Ⅸyo七o,Japa n, Ma r ch 2004
8･ N･ Ho riu chi,Y･ Sega w a, H･ M iya z aki, et all
Bent-lin e-defe ct w a v eguide sby u sing Circ ula rphotonic crystal
●
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(7)研究成果によるエ某所有権の 出願 斗 取得状況
なし
(8)研究成果
｢球形 の誘電体からの光子 の トンネル に基づくモデル を構築すること+
に つ い て は所期の目的を達成して光子 ア ン ダ ー ソ ン モデ ル ともいうべ
き モ デ ル ハ ミ ル ト ニ ア ン の導出に成功 した｡ 球形内部の光子 の局在順
位と光子 の外部の 平面波の光子状態 の重なりを､ 完全性を壊すことの
ない 定式化 で捕らえ､ 数値計算との 一 致が極めてよ い結合定数の表式
を得､ 仮想束縛状態の諸性質を明らか にした｡
｢光子 の誘電体からの漏れを取り込 んだフ ォ ト ニ ッ ク バ ン ドの諸性質
の解明+ に つ い て は､ 状態密度の ス ペ クトルから漏れによる光子 の寿
命と漏れを取り込んだフ ォ ト ニ ッ ク バ ン ドの分散を求める公式の導出
に成功 した｡ そ し て ､ そ の 公式を用 いる ことによ っ て ､ フ ォ ト ニ ッ ク
結晶の近くを走る電子からの発光ス ペ ク トルに鋭い線 ス ペ ク トルが現
れ､ そ のto - ク高が励起 したフ ォ ト ニ ッ ク バ ン ドの寿命を用い て解釈
できる ことを明らかにした｡ さらに電子の エ ネル ギ ー 損失 ス ペ クトル
の計算にも成功し､ 電子からの放出電磁波の フ ォ ト ニ ッ ク結晶による
吸収による エ ネ ル ギ ー 損失と光子放出による エ ネル ギ ー 損失 の比較を
お こなうなどの いく つ か の新しい物理量の計算に成功 した｡ 金属 フ ォ
ト ニ ッ ク結晶に つ い て の理論的な解析も完結し､ 実験を待つ ばかりに
な っ て い る｡
｢光子 の誘電体か らの漏れを取り込んだ非周期系の光子 の諸性質の解
明+ に つ い ては円筒上誘電体や球状誘電体が､ 周期系で はない が､ 隣
接単位間の距離がある程度の距離を置いて離れて いるという制限を加
えた u nifo r mlydistributed pho七o nic s c a七terers(UD PS)という新しい
系を提唱 し､ こ の 円筒誘電体群の系が光子の漏れの制御に著しく有効
ll
で ある ことを数値計算で明らかに した｡ また､ 全方位バ ン ドギャ ッ プ
の出現 の重要性にかんがみ円座標周期系ともいう べ き新し い系での光
子の性質を調 べ ､ 入射光の方向に依存 しない周波数帯域に状態密度が
ほぼ消滅する領域が出現する ことを明らかにした｡
｢光子 の誘電体からの漏れを取り込んだ誘電体集合 の光応答の解明+ で
は光の 回折現象に著 しい 特徴が現れるこ とを少数散乱体系で示 しそ の
起源を明らかに した｡ また､ そ の特異性を利用 した導波路などのデバ
イ ス の提案をお こな っ た｡ さらに外部光から完全に遮断された フ ォ ト
ニ ック バ ン ド状態に光子を送り込む方法の提案を行い ､ こ の状態が ｢光
子だめ+ と して利用価値があることを明らかに した｡
これらをさらに詳 しく､ 約20編になる既刊および印刷中の論文ごとに
要約を加えて解説する｡ 論文 の番号は(6)ア で用 い た番号で ある｡
論文1. 荷電粒子を レ ー ザ ー を用 い て加速する の に フ ォ ト ニ ッ ク結晶
を利用することを提案 した｡ Q値の 大きい バ ン ドを励起する こ とで回
折 エ バネ ッ セ ン ト電場 の強度が増強され､ そ の結果強い力が荷電粒子
に加わり大きく加速される｡ 我 々 は2次元 フ ォ ト ニ ッ ク結晶から3次
元的に層数を増や しながらその効率の変化に つ い て 検討 した｡ また こ
の結果は低開催の自由電子 レ ー ザ ー に適用する ことが可能で､ フ ォ ト
ニ ッ ク結晶が こ の 2 つ のデバイ ス に つ い て非常に有効である ことを明
らかに した｡
論文2. 通常使われる回折格子の代わりに2次元周期をもつ フ ォ ト ニ ッ
ク結晶を使 っ た場合の ス ミ ス ･ パ ー セ ル放射の ス ペ ク トル の解析をし
た. 回折格子の場合は Wo od a n o m alyと呼ばれる現象により幅の広い
ス ペ ク トルを示すがフ ォ ト ニ ッ ク結晶で はそ の バ ン ド構造に強く依存
する ことがわか っ た｡ Q値の大きい バ ン ド励起を利用することにより
通常の 回折格子の場合に比 べ て 10倍ない し100倍程度の発光強度の増
強が理論的に示された｡
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論文3･ 円筒形誘電体からなるフ ォ トニ ッ ク結晶に つ い て ､ ユ ニ ッ ト
セ ル 内に2本以上の円筒が存在する複雑な ユ ニ ッ トセ ル に対して ､ ベ
ク トル 円筒波展開法の定式化を行な っ た｡ 不純物バ ン ドの構造と透過
ス ペ ク トル の 比較､ 損失のある不純物 の影響､ 曲がりの ある欠陥導波
路の 透過 ス ペ クトル の解析に用いる ことにより､ 不純物のあるフ ォ ト
ニ ッ ク結晶の性質を明らかにするとともに､ こ の計算披の有用性を示
した｡
論文4･ 応用上重要と考えられて い る, 低群速度分散をもつ フ ォ ト ニ ッ
ク バ ン ドは, 単位構造内に励起されるい わゆる共鳴モ ー ドと, 自由空
間を伝播する光との結合により, 単位構造同士の強結合モ デル で理解
できると考えられてきた. しか し, そ の結合係数に関する微視的な理
論は これまで存在しなか っ た. そ こ で, 単位構造として誘電体球をと
り, それを自由空間を伝播する光にと っ て の不純物という扱いをする
ことで , 磁性問題 のア ンダ ー ソ ン モデ ル に相似な関係となる ことを示
し
, 結合係数の微視的な表式を導出した . また, 本理論に基づく球内
励起モ ー ドの状態密度が, 数値解と良い 一 致を与えることも確課 した.
論文5･ 金属内で周期構造をとる空孔内の励起He原子からの光の誘導
放射を誘電率の虚部に光増幅をとりいれる ことによ っ て解析し､ 周期
配列空孔を含む金属の厚さの 関数として真空紫外光の誘導放射を制御
する可能性 を議論 した｡
論文6･ フ ォ トニ ッ ク結晶の表面近傍を電子が等速度で通過するとき
に､ 特定方向に強い光放射を観測した｡ 放射された光の運動量と エ ネ
ル ギ ー 間 の 関係は､ こ の光が フ ォト ニ ッ ク結晶によるウムクラ ッ プ散
乱により､ 電子から放射された減衰波が進行波とな っ たもの であるこ
とを示 して い る｡ 実験により得られた光放射ス ペ クトルと､ 理論計算
により求まる光放射ス ペ クトル とを比較することにより､ ス ペ クトル
にみられる鋭い微細構造は ､ フ ォ ト ニ ック バ ン ドモ ー ドが共鳴的に励
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バ ン ドの分散と寿命が決まる ことを示 した｡
論文11. 誘電体円柱を用い て 5回と8回の回転対称を持つ 2･次元準周
期フ ォ トニ ッ ク結晶の透過率を実験的に求め, 理論計算の結果と比較
した . そ の結果, 誘電率が2.4とい う低い場合でもT Mモ ー ドにお い
て フ ォ ト ニ ッ ク ギャ ッ プを確認することが出来た｡
論文12. 誘電体円柱 によ っ て構成される5回回転対称Pe nro se準結晶
と8回回転対称準結晶の光学的性質を研究した｡ 誘電率が2.4 の低 い
値で もT Mモ ー ドに等方的なフ ォ ト ニ ッ クギャ ッ プが確認された ･ こ
れら の ギャッ プは数本の 円柱の場合で も既に前駆的な兆候が見られる
ことが数値計算によ っ て示された｡ 等方的なフ ォ トニ ッ ク ギャッ プ の
ほかに非等方的なディッ プ構造が透過率に見出された｡ これらの非等
方的なディッ プは体系全体にわたる光の多重散乱の結果現れるものと
推測される. 一 方 , 等方的なギャッ プ では光の 局所的な多重散乱が重
要な役割を果たすことが分 っ た｡
論文13. マ イ ク ロ 波の領域で観測されて い た2連球における鏡面反射
現象を可視光の領域で観測 した｡ マ イク ロ マ ニ ピ ュ レ ー シ ョ ン法によ っ
て ミク ロ ンサイ ズの2連誘電体球を系統的に作製した. それらの試料
の測定の結果, 鏡面反射現象は古典的な ｢虹+ の前駆的な効呆として
きわめて普遍的なパ ラメ ー タ の範囲で観測される ことが判明した｡
論文14. 2速球 における鏡面反射現象は特殊なパ ラメ
ー タ の範囲に限
られた現象ではなく, 屈折率が1.2から2.2程度でサイズパ ラメ
ー タが
5以上であれば容易に観測される普遍的な現象であることを厳密な理
論計算と盤何光学における光線追跡法を用いて示 した｡
論文15. 2層の周期誘電体球系におい て 55%以上の高効率を持つ 異常
な回折現象を見出した. 効率の増強の原因は2速球による鏡面特異反
射である ことが分 っ た . 単層や3層の周期球系ではこ のような増強効
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果は見出せない o そ の応用としてblazed 七ra n smissio ngr a七ingがあげ
られる｡
論文16･ 誘電体円柱が ラ ンダム で且 つ 柵密に分布 した構造で は, 円柱
密度と誘電率比がある開催を超えると等方的なギャ ッ プが現れるこ と
を見出した｡ フ ォ ト ニ ッ クギャ ッ プ の 出現には長距離秩序も短距離秩
序も必要ない ことが示された｡ U D PSと呼ばれるこ の新たな光物質を
用 いれば波長程度 の 大きさを持 っ た任意形状 の導波路を容易に作製す
る ことが出来る｡
論文17･ 厳密な解析計算と実験結果を用い て, 先に報告 した2層 の周
期誘電体球系にお ける異常回折効呆 の原 因が2連球による鏡面特異反
射 であることを確かめた｡ 波長の1.6から3.2倍程度の 直径を持 つ球は
特に効率よく鏡面特異反射を起こすことが分 っ た｡ また, 球 の 代わり
に円柱を使うことも可能である ことが示された｡
論文18･ 構造的な 一 様性と大きな等方的フ ォ ト ニ ッ クギャ ッ プ を有す
る U D P Sと称する光学物質を用い て フ ォ ト ニ ッ ク ニ ッ クプ レ ー トを
提唱 した｡ こ の フ ォ ト ニ ッ クプ レ ー トを用 い れば波長と同程度の サイ
ズを持 つ任意形状の微小鏡や微小キャ ビティ - を作成する ことが でき
る｡ また, キ ャ ビテ ィ - の 共鳴周波数の設計も容易にできる｡
論文19. 誘電体円柱群によ っ て作られた円座標フ ォ ト ニ ッ ク結晶の
光学的な性質を研究 した｡ 試料はミリメ ー タサイ ズ の ア ル ミナ円柱に
よ っ て構成されて おり, 測定領域は20 G Hz 帯域まで である｡ そ の鰭
果, 円座標フ ォ ト ニ ッ ク結晶が等方的なフ ォ ト ニ ッ クギャッ プ を持 つ
ことが見出された｡
論文20. 2次元周期誘電体球系に及ぼす有限厚さの基板の 効果 を数値
的に解析した. 透過率から得られたフ ォ ト ニ ッ ク バ ン ド構造は実験結
呆とよく 一 致した｡ 透過 ス ペ ク トル は基板の ない 場合に比 べ て著 しい
16
変化を見せた｡ そ の変化は基板に局在した固有モ ー ドとの相互作用に
由来するこ とが分 っ た｡
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Abs七r a c七
We observ ed dir ectional 1ight emissio nin the mi 11im e七er- w a v e r eglO n Whe n
a high- e n e rgy(150 MeV)ele ctron be a mpassesjust above aphoto nic crystal
m ade ofpoly七etr aBu ol
･
O ethylen ebe ads(e!3･2 m m in diam eter)･ T he relatio n
betw een the m o m e ntu m a nd the en ergyofthe emittedphoto ns str o nglysue-
gests tha七the observ edlightis gen er atedby七he u mklapps c attering pr o cess
that ch angesthe ev am esce n七 w av es emitted bythe electro nbea mh to obs erv
-
able olleS･ By co mparlng the obser ved spe ctr a wi thcalc nlated o n esbased
o nthe pho七o nicband strlユC七u r e, w efou ndtha七gen er ated photollS eXCite七he
pho七o nic band m odes m akingthe m obser v able asenhan ced丘n e stm ctu r esin
地e e missio n spectra一
P ACSn u mbers: 42･70.Qs, 41.60. - m
Type se七 u sing RE V TkX
P ho七o nic crystals(P h Cs)ha v edra w n m llCh a七ten七iondue七otheirpo七en七i alapplic atio n s
to new 七ype s ofop七icalm a七erials. 0 wing七o 七heir m ul七idim e n sionalperiodicdielectric str u c-
tures,they sho w u niqu e optic alproperties arisingfr o m s o c alled aphotonicba ndgap(P B G)
a nd a pho七o nic ba nd(P B)【ト4]･ Irlthesedays,light e missio nphen o m en ain v olving七he e xI
citatio n of P Bm ode shav ebec om e one of七he ho七七es七iss u esin this Reldof in v es七iga七io n,
bec a u s e七hey a r e expe c七ed七o sho w n o v el.f atu r es; sharply e nha n c edSmith-Purc ellr adiatio n
(r efs･ 5 - 7)a nd ba ckw a rd-pointing Che re nko v radiatio n(r ef1 8)ar e s u ch exam ple s･ The se
n o v el fe atu r es obvio u sly c o m e丘
･
o mthe pec ulia･r e n e rgydisper sio nofpho七on(P Bs)in P hCs･
Re c e ntly, an ele ctro n e n ergy-loss spe ctr os c opy(E E LS)study hasreportedthe C here nkov
eHe ct of a P L C【9]･ Ho w e v er, 七o the best of o u rkno wledge, ther eis n o study o ndir ect
obse rv atio n ofthe r adiatio nin v olvingthe ex ci七atio n of P Bm odes･ In this c o m m u nic atio n,
w e w o uld like 七o repo r七 a n experim en七als七udy of o n e of七he r adiatio nphen o me n a, which
w a sba s ed o n七hethe o r etic alpr edictio nin refs･ 5 - 7,七odem o n str ate七ha七theligh七e mission
in v olvingthe e x citatio n of P Bm ode s c a ninde ed be obs erv ed.
Le七 n sbrie瓜y expl ain thefo r m ulatio n of七helight emissio n m e chanis m. An ele ctr o n
ru n ning a七 a co n s七a n七 v elo ci七yin the adir ectio n(Fig･ 1(a))emits an e v a n es c en七1igh七 who se
w a v e v e cto risde且n ed by
ki - (k皿,qy,ri)･ (1)
T he s u鮎 i､of ki Sho w sthat 七his ev a n esc e n七1igh七istakento be an in cide n七1igh七 o nthe
P h C･ W ede触 ethedire c七io n七hat ispe rpendicular七othePhC asthe Idir ectio n(Fig1 1(d))･
Note tha七the 3; C O mPO n e n七 of kiis五Ⅹed a七the v alu ekE - LJ/”, Where ”isthe丑･equ e n cy
of七he e mi七七ed ligh七tha七 v ariesfr o m z er o七 infinity, and ”is 七he v elo city ofthe ru n nlng
charge･ The e v an es cent w a v e ca nbe e xpres sed by七he superpositio n ov erqy v alu e s･ riisthe
qu a ntitytha七go v e rn sthepr opagatio nin the I dire ctio n of七he ev an es ce n七1igh七 and which
isde名n ed l⊃y
ri -
u2
才
一 k蓋 - q8≡
LL)
2
LJ2
- -
諺
-
qy
2
･
c2 (2)
Since ”is alw ays s m allertha n c) riis alw ays a nim aglna ry nbmbe r･ This s whythe dir ect
ligh七fr o mthe chargeis e v anesc e nt.
T he u mklap p pro c essin the subs equ e n七1igh七 s c attering ofthe eva n e s ce n七1igh七by a
periodic str uctur e(agr ating o r aP L C)co n v ertsitinto alight which c a nbe obs er ved at a
fa r-aeldobserv atio npoint･ In atria ngularlattice ofa 七w o-dim en sio nal(2D)periodic array
ofbe ads(s eeFig･ 1(a)), which is the P L Cu s ed in the pres e nt study,basis v e cto rs ofthe
re cipr o c al 叩 a C e ar e(s e eFig･ 1(b))
Kl - A(1,0)=(Kl- Kly),
･2 - 品(;,普)≡(K2” K2y),
(3)
(4)
wher eaisthediam eterofea chbe ad c o mpo slngthePhC･ The r adiatio ndu eto the tl mklapp
pr o c ess c a nthe nbede scribed by a pr opagating pla n e w av e Who sew a v e v ecto ris
ks - (k∬ ＋ m Klェ ＋ nK2x,qy ＋ m Kly ＋ nK,y,rm n),
withtw ointegers m a nd n ･ Bythe e n ergy- m o m e ntu m relatio n,rm n lSglV e nby
rm n -
LJ2
c2
- (冨＋ m Klェ ･ nK2ェ)2 ～ (qy ･ m Kly ＋ nK,y)2･
(5)
(6)
In七he(k, ”)spa ce, ther efore,thedispersio nlin e ofthe ev an esc e n七1igh七is shifted by mⅨ1 ＋
nK2,fr o mthe o ntside 七othein side reglOn Oftheligh七 co ne who sebo unda ryisthelightlin e
(” - ck) (se eFig･ 1(c)). In thefLllowing, w e cal1七hese shi允ed ev a n es ce ntlightdispersio n
lin esH m,n lines, u sing a s e七 of(m , n)tha七deh es七he w a v e v ecto r` of七he pr opagatingユight
afterthe scat七ering･
Ifw e u se a m etallicgr ating as aperiodic stru ctu r e, the e鮎 ctfor m ulated abo v eiskn o w n
a sS mith- Pu r c ellradia七iorl(S p a)Flo,11]. ThediEer en c efr o mSP Rarises whe n w e u seP h Cs
inpla c eofa m etallicgr ating;thephoto n s o nthe H m
,n
lin es are e xp ctedto ex citePB m odes.
Itis pr edictedthe or e七ic ally七hat a str o ngly enha n c ed sharpligh七 e missio n willbege n e r ated
fro mP hCs[5-7]･ Su ch a str ongly enh an ced ligh七 e mi由 o n r e鮎 c七s the c o nfin e m ent eqe ｡七 ｡f
ele c七r o m agn e七ic e n ei
lgie s, Whicl” e sul七sfr o mthehigh Qvalu eof a n e x cited P B[12]. The
pu rpose ofthe pr esen七 studyis七o obs erve such reso nan七 e mi8Sio n ofpho七o n sby ex ci七ingチ
P Bm ode(R E P E P)･
W eprepar edthe e xpe rim e ntals etupillu str atedin Fig. 1(d)a七theLabor atory of Nu cle ar
Scie n c e(L N S), Tohoku University･ Ele ctr o n swiththe e n ergy of 150 MeV fr o mthe S-ba nd
lin e a r a c c eler ator pa ss ed n ear the P hC in Fig･ 1(d). The du r atio n ofaburst ofelectron
pulse s w asl･8 psl Who s e r ep titio n r ate w a s16･67 Hz･ Av er agebe a m c u rre n七 w as七ypical1y
Ilo pA･ T he cro ss s e ctio n of七he be a m w as abo u七10× 12 m m2
. The heigh七 ofthebe a m
sho w nin Fig･ 1(d)w as10 m m･ In order七o obtain e niissio n a ngledependen ce, w e v a l･ied
the a ngle0 of Fig･ 1(d)fr o m608 七o 112o by m ovingthe mirror M l･ T he ac cepta n c e a ngl
･
e
ofthe op七icalsys七e m w a s土0･75o in 七he x z-pla n e) a nd j=1･4
o in the yz-pla n e. The r adiated
ligh七 w a sdir e ctedto aM a rtin -Puple七七七ype Fo u rier-tr a n sfor m spe ctr o m e七 r equ lP ped with
l
aliquid heliu m- c o oled Si bolo me七e r･ T he r es olutio n ofthe spectr o m e七 rw as3.75 G Hz.
T he P LC u s ed in 七his study(Fig･ 1(a))is a singlelaye r ofpoユy七etraau o r o ethyle n e
(P T FE)be ads periodic ally a rr ayed in a 2Dtriangu一a rlattic e. T he diam eter ｡f a be ad is
1/8 in ch(ct3･2 m m)･ In a singlelayerofbe ads a rr ayed in a2D la七七ice stru 血 re, e a ch
whispe ringgallery(W G)m ode ofabe ad, spe ciRed by七he angthr m o m e ntu mindex(I, m),
c o uples with WG m odes of otherbe ads 七ofo r m七igh七birldingba nds with 2D dispersio n.
T he(21＋1)-fold degene r a cy ofthe W Gm odeis partlylifted in alattice .f be ads du et.
this m ode miⅩ1ng) PrOdu clng the den sely populated2D P Bstru ctu r e. Existenc e ofs u ch
l
P Bstru ctu r esin P hCs of singlelayer ed be ads ha s alr e ady been pr obed bythein cide n七-
a ngledepe ndent tr a n smissio n spectra ofthe m) a nd v erygo od agr eelTle ntwiththe calculated
dispe rsio n relatio n w a s c o nfir med[13-15].
Le七 u s七ur n ou r eyes on 七he expe rim entalr es ul七 and dis cu ssio n･ Figul
･
e S2(b)a nd2(c)
sho w spe ctr al cha nge sin 七he emitted light as8 is v a ried. W e can se esha rppe aks with a
ba nd wi d七h(F W H M)typically ofabo u七5 G Hz･ T he spectru mis thu s char acteriz edbythe
pres e n c e of m o n o chro m atjcligh七 e mis sion s･ I七 shoul d be n otedthat these e missio npe aks
pre s e nt･ str o ng0-depe nde n c e･ Fo r exam ple, thepe aksinde x ed as(-1, 0),ト2,0), a 1'd(13, 0)
change theirinte nsitie sdrastical1y withinthe a ngle v al･iatio n of 5o in Figs･ 2(b)a nd 2(c).
To de七ermin e七he orlgユn Ofthe dire ctio nal light emis sion, the m easur ed in七e n si七y data
l
in the(0,LJ)plan e w as c o n v erted七o 七hos e of(ks)｡, ”), wher e(ks)3 is the x- c o mpo n e nt
of ks defin ed by Eq･ (5)･ The valu es of(ks)ユ ar ederiv ed fr o m0 by using七11 er elatio n
(ks)3 - 誓c osO･ The y- c o mpo n en七 of ks c a nbe co n sider edto be ze ro((ks)y - 0), bec a u s e
the mirr o rM l in o u r m e a s u r e m ent syste m(Fig･ 1(d)), which sta nds perpe ndicul?rto the
” -pla n e) alw ays m o ves within 3;I-Plan e･ The c o nto u r m ap ofthein七ensi七ythu s obtain ed
is sho w nin Fig1 3･ W e can s ee七ha七interlS elight emissio ninde ed o c cu rs aro u ndthe H _ 1,0
lin e
,
a･nd ev e n aroundthe H⊥2
,
0 a nd H- 3
,0 lin es(Fig. 3). T hisindic atestha七the e mi七七ed
pho七o n s c o rr espo nding七o thes eparts are ge n er a七ed七hr o ugh七he P hC and emitted into the
dir e ctio nde七er min ed もy Bq. (5).
In the emission spe ctr a, ho w e v e r, the re a r e so m epe aks tha七 are n ot o n七he H m ,n ユin e s:
s u ch emissio npeaks areindic ated by a sterisksin Figs･ 2(b) and2(c)･ The s e e missio npe aks
co r re spo nd七o the pa rt wi七h str o ng e missionin七e n si七y belo w H - 1,0linein((ks)別 LJ)plan e
(Fig1 3)･ On e ofthe possible o rigin sis a nexcitatio n of P Bs bythe tr a n sitio n radiatio n,
be ca･u s etil e ar e a Ofthelight e missio nin the((ks)ェ , ”)plan ealm o s七 c oin cide with the
calc ulated P Bdispe rsio n c u r v es･ Sin ce w e c an not cle arlyidentifythe origin ofthes elight
emissio n s atthis stage, w ewi ll fo c u s o nly o nthelight emissio npe aks o nthe H m,n lin esin
thefollo w lngdis cu ssio n.
Ne xt
)
letllSdisc u ssthe o rlg n Ofthe str o ng0-dependen ce ofthe emissio ninte n sity along
the H m
,
n lin es･ Ifi七 w er e n otfor a nydispe rsio n c u rve ofspe cial m ode sinthe((ks)別 LJ)plan e,
the emission inte n sity w ouldsho w a s m o oth variatio n o nO･ Thisis the c a sein agr ating
syste m? wher etheSp aspectru mhasge nerally a s m o oth cha nge e x c ep七七he Rn e s七ru c七u re s
br o ught abo utbyW o od an o m aly[16,17]･ . M or e o v er,fin e str u ctu r es ofSPRspectraha v etheir
0 depe nden ce m u ch s mallertha n七hos e obse rvedher e[7〕. T he stro ng0 depe nde n ce obs e rv ed
ll er ether efo repr o v e sthat 七he e mis sionisindeed of R E P E Po rlgln) Which is s che m atically
l
e xplain ed in Fig1 1(c)･ By v arying LU Ofthe obs erv ed pho七o n swith0 keptfiⅩed, w e c a n
experim e ntally s w eep(ks)3 , ”)spa ce alo ngtheline LJ - C(ks)｡/c o sO(called observ atio n
lin e)･ An e nll a n C ed lightemissio noccurs only whe nal1thethr e e cu r v es,the obse rv ationlin e,
H m,n lin e a nd七hedisper sio n c u r ve of aP B, m et togetherin the((ks)a, ”)space･ In Fig･
1(c),thr ee obs er v atio nlin es are dra wn to sho wthat o nlythe02lin ehas an e nhanc edsignal･
By v aryi ng0, w e c a ntilt the obse rv atio nlin eto spoilthe m atching･ Tlisis the o rlg n Of
●
■
the r apid 0dependen ce o nthe H m.n lin e･ Sin ceP Bshav efini七elife七im es, a dispersio n c u r v e
ha s a負nite wi d七h, which determin esthe sharpn ess oftile0 depe nde n c e of R E P E Psignal.
If七he pealくS Ofthe spec七m minde ed arisefr o mthe e x ci七a七io n of P Bm odesalo ngthe H m ..n
lin e
,
they sho uldre丑e ct 七he P Bs七m ctur e･ In order 七o co n鮎 m this point, w e calc u一atedthe
P Bstru ctu r e a nd the spectm m ofthe emitted lightby usingthe v ecto rKl( R for m alis m
【1,18,19], which is 七he s a m e m ethod a stha七pre se n七ed in r ef･ 7･ The valu e of七he c o mple x
r efr a ctiveindex ofthe P T F E be ads u s ed in the c alc ulatio n ofthe e missio n spectru m w a s
I A37＋ 0.0 002i(i2 - - 1) 【13]. We ca n 触d a go od c orrespo nden cebe七w ee n七he calc ulated
emission pe akpo sitio n s(Fig･ 4(b))a ndthe positio n wher e七he P Bs cr osswiththe H - 1.0
lin e(Fig･ 4(a))･
T he nle七 u s c o mpar ethe calculated e missio n spe ctru m(Fig･ 4(b))a ndthe obser v ed o n e
(Fig1 4(c)). T he spe c七m m w a s cal ulated alo ng with a dispersionlin e, H _ 1,0(Fig. 4(A))
in the((ks)｡ , ”)pla n e･ Sin c ethein七erlSity ofthe e xperim e ntalres ults sho w nin Fig･ 4(c)
is n ot co r re cted bythe diぽer e n ceinin七e n sities arlSlngfr o m七hediqere n c ein optic alpaths
betw e en e a ch 0- c o n st･ spe ctru m(see Fig･ 1(d)), w e c an o nly discu ss七he pe akpositio n s of
the obs er v edligh七 e missio n･ Besidesthe pe aksindic ated by cr o sses[20], the pe akpositio n s
in the 血equ e n cy r a nges of 140 - 170,125- 140, and90 - 110 G H2;in the obser v edspe ctru m
c o r respo nd w ellto i.ho s ein the calc ulated o n e[21]･ T hispr o vides stro nge vide n cethat the
obse rv edligh七 emissio n reBe c七s aP Bstru ctu re, which is char a cteristic ofthe R EPEP.
In co n clusio n, w e obs erv ed fo rtlle五rsttim eR E P E P 缶o m aP LCuslng a nelectro nbea m
r u n n lngju st abov ethe P h C. T he obs erv ed ligh七 emigsion spe ctr u m c占n sists of rn ally Sharp
pe aks. T he r apidv a riatio nin the e missio npe aks with changein thedirectio n ofobser v atio n
sho w sthat the peal(sinde ed aris e a cc o mpa nyinge X Citatio n oftheP Bm odes. T he e xcitatio n
ofthe P B m odes w a sals o c o nBr m ed by c om paris on ofe xperim entaly ob七airled spe ctru m
a ndthe calcllated o n e ren ctingthe P Bs七1
･
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FIG1 2･ E misio n- a ngle(0)depe nden ce ofthe spectr a of emi tted light(pan els(b)and(c)).
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FIG･ 3･ Co nto u rm ap of thelight e misio nin七ensi七yin the((ks)3, ”)pla n e. T he dotted-broken
ユines show 七he bo undary
'
ofthelight co n e･ T he do七七ed lin es show the H - 1.0,(ト1' 0)), the = 仰
(ト2, 0))and the E - 3
,
0,(ト3, 0))lines-
FIG･ 4･ Calculated PB stru ctu re of the singlelayerP T F EPhC(a), and co mparis o nbetw ee n
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e spectively･ T he emisio n spe ctr ain(b)a nd(c)ar ethose
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0ユin e(s eethetext)･ As forthepeよksindicated by crosses, s e e r ef. 20.
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Relativis七ic ele ctr o n e n e rgylo s s a ndindu c ed r adiatio n emissio nin tw o- dim e n sio n al
m etal 1ic photo nic c rystalsI:fo r m alis m a nd s u rfa c eplas m o npola Tito n
Tets uyuki Ochiai a nd 1(az u oO htaka
Centerfo rFr o ntie rScie n c e, Chiba Univ e rsity, C hiba B63-8 522, Japa n
(Dated: M ar ch 5, 200 4)
A fully relativisticdes criptio n ofthe electro n e n ergylos s a nd the indu ced r ad iation elnis sio nin
a rbitra rya rr ays ofn o n- o v erlapping m etallic cylindersispr es entedinte r m s ofthe m ultiple s c atte ring
m ethod o nthe basis ofv e cto rcylindricalw a v e s. Nu m e ric ala nalysis is giv e nfo rdilute a nd de n se
arrays of Alumin u m cylinder s with a･ nan o sc ale diarn eter･ T he r es ults ofthe ele ctro n e n e rg ylo ss
spe ctr u m a re w ellcor related withthedispe rsio n r elatio n ofco upled s u rfa c epla s m o npola riton 81 and
c a nbeinte rpreted with a n e庁e ctiv e m ediu m ap proxim atio n whe nthe ele ctr o nru n sin sidethe arrays.
In addit o n
l
the ca vity m ode slo cal iz ed in the gr o o v esbetw e en the cylinders c a n a鮎ct Str o ngly the
ele ctr o n e n ergylo ss spe ctrum .
P A C Sm l mbers: 4 2.70.Qs,7 3.2 0.Mf,3 4.50 Bw
Ⅰ. I N T R O D U C T I O N
Re c ently, m uchintere st hasbe e n attra cted in opti-
calpropertie s of c ompo site m aterials such a s cluster of
m etallic nano-particle s
l
l Photonic cryst alコ73, a nd lefト
handed n at･eria14
-6
･ T hey ha v ethe potentialabil ty to
enhanc e v ariou s opticalpro cess es wi th their rich spec-
tru m
〉
and will be akey co mponen七 of future opto ele c-
tronicsdevice s. Sofar
,
theirpropertiesha,v ebe eninv esti-
ga;ted m ainly with far-fieldopticalequipm ent･ 苫o w ever,
near-Beld1･e SpOnS eS Ofthe m are ofgreat importance, be-
c au se m uchinfor m a;Lion c anbe attained from the eva nes_
centlight inv olvedin c om po site m aterials.
T he ele ctron
.
e nergylo ss(B B L)spectr
.
o s c opyin a scan
-
ning tr ansmissi o nelectro nmicro s c ope lS Closely rela.ted
to the n ear-field
,
a ndis aquite usefulto olto inve stigate
both bul kand surfa ce excitatio n s ofs 乱m Ple s･ In a ty pi-
calEb)i experim ent the kin etic ene rg yofele ctronis o n
the order of100[keV], and alow - ene rgy part of the E EL
spectr u misrelatedto a, c olle ctiv e excitation su ch ass u r-
fa ce pla sm on ･ Thus, the spectru mis wellinterpretedin
ter ms of a classicalm ac ro s copic the ory on the basis of
an eqe ctiv edielectric function
,
ta,king a c c ou nt ofge ome-
try and anisotropyofs amples. Forinstanc e, the E ELof
a rn ulti- wal1 fu 11ere ne can be wellexplain ed wi th an ef-
fective diele ctric fu nction ofthe cor re sponding Graphite
she ets.7
Ther eal･e extensive referen ce s o nthe EELspectr u m
for v arious geom etricalobjects8
-1 l
,
thoughm ost w orks
negle ct the retardation eqect･ As forthe compo site ma,
terials, M ax well- Gar nett(M G)-ty pe ap proxim ationshav e
be en widely used, ln the last dec ade a re markable
progress has been made on this subject. Pendry et
al. p1
･OPOSed a new the or etical m ethod forthe E E L
ofperiodic ally arr anged n 弧0- Str u Cture S
1 2in ter m s of
the real- spac etransfer matrix ofthe ele ctro - magnetic
w a;v e･1
3 Gar cfa de A bajo et al. de veloped a. m ultiple-
scattering m ethod for clu stersof n an o- particles, o nthe
basis ofvector sphericalw aves1
4
･1 5and ofthe bou ndary
elernent m ethod･1 6･1 7T hese rnet･hods a 訂e＼′ery PO＼Vel
･ful
and in prin ciple can be 良da,ptedto va1
･
ious complex ge-
om etries･ How e v er
,
owing to the spatial discretiz ation
used inthetransfer m atrix method andin the boundary
ele ment m ethod
, the accu ra cy ofthe 1･e S ults reduc e sto
s om e extent a,t･highfrequen cie s,
Her e
l
W ePre s enta fu lly relativistic m ultiple- s c a･ttering
ap pro a ch focus ed on an
･
ays ofnon- o v erlap ping cylinders
by using v e ctor cylindricalw ave s. Thoughatpre sent the
m ethod w orks only for the cylinders withis ot1
･
OPic di-
ele ctric functio ns,in pTincipユeitcan w ork for anis otropic
cylinders such as m ulti- w allcarbon n an o-tubes1
8
. with
this methodtheユightscattering, a s w ella sthe E 比J a nd
theinducedradiation emissionin al･bitr ary arrays ofnon-
o ve rlapplng Cylinders c an be tre a:tedin a u ni丘ed m an ner
by s olving exa ctly the m ultiple-s cattering equ ation. In
addition, sinc ethe m ethod utilize sthe f
l
o u rierde com -
po sition along the cylindricalaxis, t･he localopticalre-
spons e s of a certain wa v eve cto r along the axis can be
obt ained. This propertyisfe asiblein order to se ethe ef-
fe cts of thelocaliz ed electro- m agnetic m ode s ofcylinder s
in detail･ W e sho uldnote that ou r methodis optimiz ed
for arrays ofnon - o v erlap pingcylinders. In c ontr ast tothe
methodsba s edon the spatial discretiza,Lion,it m aintains
higha c c ura cy ev en athighfrequencie s. Thoughin this
pa･pe r w ere strict o urselve sto thelow - freque ncy region,
w ewill dealwi ththe high-frequen cyregio nin the paper
II.1g
A cert ain am ou nt ofthe 上池L in c ompo site m a允eri-
als is cau sed by the induc edradiation emission , As fわr
a m eta,uic n a no -pal
･
ticle
,
this phen o m e n onis kn o w nas
the surface plasm o n radiation emis sio n.
2 0By alT a nging
n ano -particle speriodically, so -called Smith-Pu rcell(SP)
radiation21･22 takes place･ One ofthe a uthors(K.0.)
and his collabor ators have studiedthe SPr adiatio nin
the photonic crystals compo sed of diele ctric spheresin
detail, wherea n otable enhanc em ent ofthe intensity of
the SPr adiation take spla ce owing to the singular state
density ofphotoninthe photo nic crystals･
23125 Ho we v e r,
to th6 best of ourkn owledge, n o ne hasbeen reported
con cer nl ng the r adiatio n emissionfrom ar r ays of cylin-
ders. Thus, the quantitative evalu ation ofthe radia.tion
emissionin the a･r raysis another tbelユ1e Ofthe pape r.
On the otherhand, the deter min ation ofthe eqe ctive
diele ctric 鮎nctio n ofcomposite materialsis stillv alu able
atlowfreque ncies･ Itgiv e s aconcise explanatio nofthe
abs orption spe ctru m as wellas the E Ⅲノ SpeCtl
･u r n ofthe
c o mposite materialsin bulk･
2 6Mol･e O V e r
,
the detel･min a-
tionis animportantissuein the丘eldofleft-handed ma -
terial
)
which ha snegative permi ttivity andper me abilit･y
sim ultaneou sly. Seve r alm ethodsto deter minethem have
be en propo s ed by m any authors ･
27-2 9Her e
,
w epropo s e
an alter n ative m ethod by u sing the s catt･e l
･ing m atrix of
semトinanite photonic cl･ystals and c o mpare the E EL in
the eqective m ediurnwithtJhat ofphoto nic crystal.
This paper deals mainly with the for malis m of our
m ethod a s w ella sthe n u m ericalanalysis on cluster s
of Alu minu m cylinders Whosedia meter is a few n a,no_
m eters
,
be aring carbon n a no-tube arrays in mind. In
the paperIIw ewi ll dealwith a metallic photonic crys-
t･alwhosela拙 c e co n staxltis co mparable withthe pla sm a
w a velength ofthe c on stitu ent m etallic cylinders. Since
itis very b ul ky to pl
･eS ent a CO mPrehensive analysis on
the EE Landtheinduc ed radiation emission･in a single
paperl W e Should discu ss the above topic ss epa1
･
ately･ In
the nan o- str uctures which are a nalyzed inthis paperthe
releva ntr angein wavelength, whichiB ne ar the su rfa c e
plasm a w a v el ngth ofm etal,is m uch larger 七han the di-
ameter andthan thepitch ofthe str uc七ure･ As a r e s ult,
e庁
■
ec七s ofu sualphoto nic baTlds, which c or ne 血o m zon e
folding and liftng
･
of degen e ra cy on Braggplan es, do not
ap pe arin the E E Lspe ctr u mandtheindu cedradiation
emission spectru mat releva nt血equen cies･ 1n partic ular
thereis n o 1･e markablefea,tu r einthe SP l･adiatio nemis_
sion spe ct1
･u m･ In stead, u n usualphotonicbands ofco u-
pled su rfa ceplas mon polaritons have astro ngin触 enc e
on the 血 IJ SPe Ct･r um at Ve rylo wfl･equ e ncie s･ M oreo v er,
inthe l･elev a nt 缶equency ra nge an eqe ctiv e m ediu m apt
pr o xim ation c an be r e a sonably adaptedto the structure.
As fb∫ the structure which will be dis cu ssedin the pa-
per ll, w ewillsho w that efe cts ofthe usu alphotonic
bands are v ery pronou nced forthe E E Landtheinduc ed
l'adiation e mission spectr a.
The paperis organized asfollow s･ ln Sec･IIw ebrieBy
su mm arizethe ve ctol･ cylind ricalwavefor malism ･ Using
theform alis mthedispersion relation ofthe surfa ceplas-
rn onpolari tonin anisolated m etallic cylinderis obtained.
The m ultiple sea;ttering m ethod is adaptedtothe EEL
andtheinducedl･adiatio ne missio nin clustersoflnetal_
lie cylinder sin Se c･ⅠⅠⅠ･ In Sec･ IVthe expres sion ofthe
EE工Jin metallic photonic crystals is derived. The nu-
m ericalres ults of the E E Lspe ctr u m a1
･
e COmParedboth
wi ththo s e oftheisolated cylinderarld wi ththose ofan
e8
-
e ctive hom ogeneou s medium ･ Fin ally, we s u m m arize
the results.
ⅠⅠ. SU R FA C E P L A SM ON P O L A R r T O N I N A N
IS O L A T E D C Y LI N D E R
Anin丘nitelylorlg m et･al】ic cylinder witha circ ularcr o ss
s e ctioncan s upportan el ctro- m agn etic su L
･fa c e-lo calized
m odetha七is calleds urfa cepla5 mOn POlariton(SP P). T he
SP P is chal･a Cterized by an angular mom entu mI, a･ wa v e
n umber kz )andan a ngularfrequency ”, o w l ng七othe ro -
tationinva1･ia nc6 withrespec七to the cylindricalaxis, the
tr a nslational invaria nce alo ngthe axis, a ndthe translむ
七ionalinvaria,nc eoftime
)
respecもively･ Befol
･
eCOn Sidering
itsdispersion rehLion,itis valuableto note som eforrn u-
1a softhelight s ea;ttering by an isolated cylinder using
v e ctor cylindric al w aves･
30於 om n ow on
,
w etake the
cylindricalaxisto the z- axis . Ass um e that a m onotonic
incide ntw av ewith a mom entu mkE along七he cylindrical
a xisis scatrtered by anisola.ted cylinder with a,dielectric
fu nction Ea(LJ)a ndar adius r embeddedin ahost witha.
permi ttivity Eb･ Throughout the pa,pe r Ebis七aken七o be
1 in n umericalc alculations
,
thoughwe keepit u nspeci-
鮎d inthefollowing equations. Theincidentw ave c an be
w ri tten asa superpo sition ofvector cyユindricalw aves:
BO(I)- e
ik･ E[(-去Bx V'-)4MP(Ⅹ)
十(&tl･告2)m(I)]･ (1,
少P,
U
(冗)- ∑Jl(^bP)ei10#,0 (β - M, N), (2)
l
Aむ - qb
2
- k2, qb - 摘芸, (3)
wher ecis the speed of lightin vactlu m, (p,e, I)is the
cylindricalc o ordinate, 2is the unit ve ctor along the z-
direction) a nd ∇”is the di庁erentialoper ator with re-
?pe cH o(p,0)･ In the pre se ntpaper wetaket･hefollow-
mg c o nv erltion ofthe square ro ot of a c o mplex n u mber:
Im v応 ≧ o fo rlm(w)≧ 0･ Som etim e s, w ecallthe M(N)-
fieldthe P(S)polarization･ At k方 - 0 the M(N)-Aeld
c or respo ndstothe T E(TM)pola血 ation.
A m etallic or dielectric cylinder sc atter slightin･espe c-
tiv e ofwhetherthelight is ev aTleS C e ntOr n ot. Byimpo s-
ing the boundary condition of Max well)a equ ation, w e
ca n solvethe sc attering problem ex ac七1y･ T he induc ed
w ave scattered bythe cylinderisgiven by
Eind(I,±e- I[(-去2× ∇”)岬illd(冗)
･(怠∇‖十宝z-)” (x,],(4)
少郎
nd
(冗) - ∑El(人ap)ei己e4,P7ind, (5)
L
抑ind - ∑tFp
'
#
/
･
o
(6)
β
′
fler e, Hlis the Hankel fu nctio n of arst kind andぜP
'
is the i- airi= ofthe cylinder,its a nalyticalexpression being
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pi - Air (i - a,a), a^ - q三 - kz2, ga - JE:冨･
It should be emphasizedthat exceptforkz - 0 orI - 0)
the M(N)polarization miⅩeswi ththe N(M)polariz ation
in theinduc ed w a v e･ Thispl
･
OPertyis quite distinctfrom
theca se ofanisolatedsphere, wherethe polarization miⅩ-
1 ngdo es not take pla c e･ In thelights catteringby cylin -
dertherei占 another distinct poin七色
･
om thatby sphere.
Sinc e人bis the w ave n u mberin the(I,y)plane, thein -
du cedw aveis evan e sc entwhen 入bispureim aginary. On
the other handtheinduc ed w av ebythe spherebehaves
as 九l(qblxI), where hlisthe sphericalHarlkel fun cti.n ｡f
firstkind･ This m eansthatinduced wav eby the sphere
is alw aqs realand has an etauX atlxl- 00 irrespective
ofwbetbertheincident waveis evanescentor not.
NeiXt
,
W efocus ontheSP Pm odein anis ola.ted m etalic
cylin der･ The SP Pm odeis aLrealeigen m odeinthe cylin-
der and c an exist wi thout theincidentlight･ Therefore)
taking a ce?u nt of Bq･(6)the equation that determin es
the disperslOn relation ofthe SP Pis 郎Ve nby
(iiPM
” i#N
”
)
- 1
(*#:i
i
n
n
d
d
)- o･ 'Il'
Like aB the SP Pon a･ nat m etal/airinterfa c e, whose dis-
persion relation is given bythe pole ofthe inte.rface S-
m atrixbetwe en the m etalandair
,
thedispersion relation
ofthe SP Pin a m etallic cylinderis giv en by the pole of
thet- m atrix･ The above equatio nleads to thefollowing
se cular equ atio n:
det(dd,;<:L
{ d
d
t;<;N
”
)- 0･ (12)
for the SP Pm ode wi thangular m o mentu mi. Strictly
speal dng, w e m ust say that the SP Pm ode is 1･efer r ed
to the m ode withpureim aginal･y 入a, whenthe cylinder
is of m etal･ T he s e cular equ ation als odetermine sthe
dispersio n relation ofthe guided m odes,in which a^ is
realand positive, whenthe cylindel･is of didectl･ic.
For simplicity) &o m now on, we r e strict our consider-
atio nto a nAlumin u mcylin der with dia m eter2.5[n m],
tho ugh the fbl･m alis m presented in the paper ca nbe
(7)
, (8)
(10)
adaptedto a ny ty pe s ofcylinders a s･1ong a B anis otr opIC
diele ct･ric function ofthe cylinderis c onc ern ed. The di-
ele ctric function of t･he Alumin u m ca nbe ap p1･OXim ated
w ellwiththe I)r udefor m ula:
Ea(LJ)= 1 -
w呈
LL)(LJ＋iT7)
I (13)
hLJ
p
a nd h7 being 15[eVjand l【eV], respe ctively. T he
s mall diam eter ofthe cylinde ris co mpa1
･
able withthatof
a c arbon n a no -ttlbe andthe plas ma &equencyis equal
to 3･6 7× 1015[Hz] and to 82.7[n m]in ter m sof wa v e-
length, which c or re sponds to ultra- violetlight. T hotLgh
the cylinderha sa na･no- s cale dia metel･,itsee m sstill1.e a-
s onable to ap plythe m acro s c opic dielectric function to
the cylinder.
In Fig.1the dispersion r elation ofthe
-
sp pm odesof
the Alu min u mcylinderis sho wn. In this c ase the SP f,
0.8
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h
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FIG･ 1: Thedispersio n relatio n ofthe s urfa c epla s m o npolari-
to n ofthe Alumin u ln Cylinde rwith dia m ete r2.5[n m]in air.
T helo ss-le ssDr udediele ctricfun ctio n with 充LJp - 1 5[eV]w a s
a s su m ed forthe A lu min u m cylinde r･ T hebold lin eisthelight
lin e LJ- Ck= .
m ode with l- 0
)
whichis the solutio n of do
< N N
- o
)
is
quitedistinctfrom those wi七hl≧1. T he m ode with l≡ 0
ends a,tLU - 0 a nd ha spositiv e slopeinthe(叫 k=)spac e,
wherea sthe other m odes e nd atanite LJO nthelightユine
LJ - Ckz a nd have n egative slopes･ As lincrea s e s, the
dispersion c ur vesap pro ach toLJ - L Up/V5･ Thoughthe
disper sl O n C u r ve se nd on theligbtline, they ca nbe ex-
t･r apolated insidet･helight- c on e･ W iththis e xtrapolatio rl
we c a rl u rlderstand how the SP P1･esonance o c c u l･S Whorl
real 1ightisincident on the cylinder. Theres on an ce also
a庁ec七s signiac a ntlytheindu cedr adiation emission wherl
a chargedparticle passes ne arthe cylinder .
ⅠⅠⅠ. E L E C T R O N 混N E R G Y L O S SIN C L US T 苫R
O F C Y L I N D B R S
T hefor malism pre se nted above se1
･
V eS tO des c ribe the
E EL andtheinduced radiation emissio n whe na charged
particle ru ns ne ar a cluster ofcylinders. 1n this method
the retardation eqectisfullytakeninto a c cou nt, though
the rec oilofthe charged particleis n egle cted･ In a ty p-
ical E E Lexperim erlt the kinetic e n e rgyofthe electron
is about100[keV], wher easthe totalenerg ylo s isle s s
than O･0 1% ofit
,
s othat the ass u mption of neglecting
therec oilisfail･1yjusti鮎d.
Let us c on sider a cha柑@dpointparticle with a chal
･
ge
a a nda velocity ” r u n s n e a.rthe cluster composedofn on-
o v erla･p ping m etallic cyユindersaligned in the a -direction,
who s epo sition sare speci丘ed bytw o-dim ensional(〇 and
y)v e ctor xα(α -
.
1
,
2
,
･ ･
･ ･N), N beingthe n u mber ofthe
cylinders･ For sl mPlicity, we a ss u me that the charged
pa rticle does not penetra,te any cylindersin the clus-
ter and the trajectory ofthe particleis perpendicular
to the cylindricalax
'
es. T herefore
,
withoutlo sing ge n-
erality, the positio n ofthe particle at tim e 舌istake nto
xt
- (vt,3/o, Zo)in the Cartesian co ordina;te. Asiskno w LI
well
,
a ru nming chal
･
ged pa,1
･ticleis a c companied by the
electro - m agnetic w av ethatis giv en by
B
O
(I, ”) - 一 竿/砦ei 押 ＋叫 y - y 仙 (l 一 触)
(15)
7 = qh
2
- (冒)2 - k望, (16)
inthe tim e-Fo u rie r co mponent･ Here, the sqpers c ript of
eis referredto the sign ofy - yo. Ifthelight velo city
inthebackgro und m ediu mis sm aller than v, the ele ctro-
m agnetic w a v ebe c omesr eal, yieldingtheCerc nko vr adia -
tion ･ Here
,
we i-e st1.ictou rs elvesto the region ” < c/､作言,
ヲothat the ele ctro - m agnetic w aveisevaJleSCe nt(7ispure
l m aginary).
The aboveexpression canbetr ansfbl･m ed into alinear
co mbin ation ofthe vect･ol･ Cylindricalw aves centered a,t
Ⅹ = =Ⅹ α aS
EO(x p)-/%eik･'E - Zo'[(-去2× ▽”)4a” ･0(I)
･(&･,･慧2)*a”･0(Ⅹ)], (17)
据o(Ⅹ)- ∑Jl(lb)冗 - Xαl)ei19(x ‾ 叫 L?LO, (18)
1
41Ta70 - 竿 e 脚 7(yq - yo)(士i)ile -ilCN 土, (19)
少誌
o
- 竿 桝 仙 - yo'(蕊)ile - i10K土(2 0)
Here
,
eK 土 is the argu m e nt oftwo-dimcnsion aユ vector
K土 ≡ (LU/”,土7)for a re al ry, In the c ase of a pure
im agin ary ry we m u stde月neOK 土 aS
e
ile
Kt -(響)
I
(21)
Moreo ve r
,
土ュn Eq･(19)andr(2 0)c orre spondstothe sign
l
O
n
f
cTdOe;tywaa vTi.r4Sy&
o
li
s
de
t
r
h
≡.
m
i
l
e
ti
s
-
h
P
.
OisdC芸:Teci;matttogethk;
integrationisinvolvedin Eq.(17). 丑ow e v er, sincekz is a
c o n s erv edquantityfわrthe cluster, e a ch cyユindricalw aN e
with 丘xed k& isindepender)tly s cattered bythe cluster.
The inciden七 eva n es cent w a･ve is m ultiply scattered
in the cluster ofthe cylinders. By u sing the m ultiple-
sc a･ttering m ethod, the 由duced radiら;Lion Reュdis s elf-
c o nsistentlyde七ermincdasfollows ･
14Ifw efocus on cylin -
der α
,
the incidenも wave con sists of the dire ct ter m
(Eq.(17))plus the su m ofthe induced wave sea,tter ed
by another cylinder α′. T herefore, the induced w a ve
from cylinder α is obt ainedby m ultiplying the 七･ m at riⅩ
ofcylinder α to the n lulti-pole components ofthe inci-
dent w a ve r e- xpanded aro tlndx - Ⅹα . As are sult, the
s elf- c onsiste nt induc ed w a v eisdeter min ed as
B
ind
(x･u)-/%ei?如 '[(-去2× ∇u)中叫 nd(Ⅹ)
･(怠∇”･告2)少nind(I,], (22)
中b･ind(Ⅹ)- ∑Hl(^blx - ⅩαI)eile'x - 叫Fまnd, (23)
i,α
峨nd - ∑塔(峨o十∑ ∑ Gla .i,d 峨アd), (24)
P
' l′ α /≠α
Gla ,I/｡ ′ - El, _ l(lbPQ a,)ei(l
'
-I)e - ′ (25)
Here
,
Gla ,a/α, is the pl
･
OPagatOrfrom cylirlder α
′
to 句
andin its e xpre ssion pα α J aTld 9αα′ are the m agnitude
andthe argu mentofxα - Ⅹα ′∫ respectively.
As was mentionedin Se e. ⅠⅠ
,
theinduced wave con-
tainspropagating coI叩 On entS With real入b, Which ha ve
a n etAu x a,tp 一 ∞ . This mpliestha七 a r adia,tion emis-
sion tal(e spla c ewhen achal
l
ged particle pass esn e a rthe
cluster･ As a res ult) the chargedparticle
erg yvia the emission
･ rn addition
)
ifthe
lossy having positiveim aginary part in Ea
the en ergyis absorbedin the cylinders.
ergyユossis then the s u mo= be r adiation emissio n and
the abs orption , Qualitativ ely, thelossc an be c alc thted
wi ththe exerted forc eby theinduced aeldre acting onthe particle･ T hus･its expre sionisgiv en by
p
el(”) - -芸Re/die - iutv ･ Eind(x ゎ 山) (2 6)
Per u nitangularfrequency･ Theintegralo v er 士yields
p
eJw) -/砦pel(叫たヱ),
1o s e sits en_
cylinders ar e
(LU), a Part Of
T he totale n_
(27)
pel(叫 kz)ニ ー e∑Re[e 怖 土i7'yo - y-)
l
.
α
× '- i'
l
e
ilC
N 土(土 紳 劫 ITiindフl28)Here
･
j=in the abo v e equation is referred asthe slgn Of
yo
-
yα ･
Onthe othe rhandthe net nux oftheinduc edradiation
emissionis obtainedby
p
e -(u)-
p
limw言/dzdep (2 9)
･Re[(Bind(Ⅹ, ”)* x Hind(Ⅹ ル)]･ β. (30)
per u ni七angularfrequency･ using the a symptoticfor m
oftheinduc edBeld(Eq.(22)), the net 触 Ⅹ tur ns Out t.
be
pe-(”) -/_
q
q
b
bape -(叫 kz,･ (31)
pe -(”,kE) - 塞/dO(Jim(c)J2 ･lfN(e)(2)(32)
fP'e' - 信吉e
- i^ hP･ x - ･ileトi,
l･141?よnd･ (33)
T he cuto庁 ofthe kz integralco m esfrom the fact that
the scattered wave be c om e s e v a nes c ent whenrkzJ> qb.
Ifthereis no abs orptionin the cylinder) the energ yloss
m ustbe equalto the ne七aux ofthe radiation emission
)
that is
,
P
el(”,kE)- Pe n(LJ,kz)･ (34)
This equality serves as acriterion ofthe corre ctn es and
the c on vergence ofn u merical1y calc ulated E ELspe ctrum .
1nthe c a s eofanis olatedcylinder)theintegr ation o v er
0 in 恥(32)can be perform ed analytically, yielding
pi-(” ,kz)- 孟冨一宇iF
P
'
41
P
'
0
･
2
(3 5)
First of al1
,
let)s c on siderthe E ELin theisolated Aユu_
minu m cylinder･ The E E Lspectl
･
u m ofthe cylin del
･ has
a sequellC eOfpe aks at thefrequencies oftheSP Pm odes.
Thisis because the t- m atrix ha sa SP Ppole on the re al
axisin the c o mplex plane ofLJ aS Ca nbe u nderstoodin
Eq･(7) and(12)I To se ethe cor respondenc e ｡fthe dig.
PerSion relation off･he SPP･ 上
I
ig･2 show sthe integrand
Pal(” ,kz)ofthe EELspe ctrum, changingthe kz v alue
from 0 to10 in umi ts ofLJ
p/c ･ Here,the velocity andthe
impa ctparam eter ofthe cha摺 ed partic一e we re taken to
O･4c a nd 2r, r e spectiveユy･ One c an andthe m ain E EL
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F IG･ 2: T he ele ctr o n energylo s s spe ctr u min a nis olated Alu _
Tin uT
cylinde r with dia m ete r2r - 2･5【n m]. T he spe ctm rnis
gl V e n ln tmits ofpoce
2
r/2 a nd c o n s e cutiv e c u r v es are Shifted
4(in the s an e u nits)upward fo r r ead bility･ T he v elo city of
the chargedpa rticle w as take nto be ” - o･4c･ T heimpa ct
Pa r a m et r,i･e･, the distan cebetw e enthe cylindl
･icala xis a nd
the traje ctory ofthe cha rged particle,is 2･5[n m]･
peak ap pe ars near LJ - Lug/ヽ 巧, wher ethe SPP bands
with l> 1 exist･ 1n contl･a st t･O the fine structu r e of
the s ebandsin Fig･11 nO 丘ne structure can be obs e r v ed
in 七he peal(･ T hisis a dire c七 c o n s equ enc e ofrathel･ la rge
im aginary part in the diele ctric function of Alu minu m,
whichyields abroade ning and miⅩing of the SP P bands
withi≧ 1･ The pe ak freqtlenCy de cre a s e swi thincre a s_
1 ng kz )r eflecting the negativ e slope s ofthese bands. In
additio nto the nl ain E EL pe ak an other E E Lpe ak ap-
pears mu ch belo w LJ- u
p/1乃. T his pealくCO meSfro m the
SP Pm ode wit･h i- 0
)
as c an be u ndersto od cle al･1y by
comparlng wi ththe dispersion r elation of the SP Pm ode
wi th I- 0･ Infactthepeakfrequ encyin cre ase squite l
･e-
m arkably withincre a singkz 'tracingthe dispel
･
Sion cu r ve
ofthe SPPwi th I- 0･ As agen e raltendency, Pel(LJ,k之)
de crea ses wi thincr easingJkzJ.
Next
,
we consider ho wthe im agina ry pa rt aHe ctsthe
perc entage of the radia土ion e mis sio nin the E Ⅲ+ .
･
1
-
0
this end
)
w e sho w in Fig･3 the integr ated E E Lspe c-
tru m pet(”)andtheintegratedradiation emission spヲc-tr u mpe -(LJ) at ㌍ 0･1[eV]･ At り〒 0 these m u st col n-
cide･ As ca nbe seen
l
When the Im agin ary pal
･t in E
a
isintr oduced
, the radiation emission spectl
･
u nlis alm o st
unchallged fl
･
om thatin theユoss1 ess cylinder exc ept f♭r
the SP P frequen cy regio n･ Howe ver, the EE Lspectru m
(
○ 〇
､
N
¢
O
O
ゴ_
ヽ J
､
(
8
ヽ ー
E
tJ
FLl
(
0 0
､
rl
q)
U
⊂)
ゴ.
ー
､
(
8
)
4 )
D<
EELS.TIz =1【cV】
Emission. T[=1【cV】
EELS &ETni5 Sio n.T13Z,0
h<.
1 ､
-
～ -
- -
-
- ⊥
0,2 0.4 0.6 0.8
山/0)
p
lo
t
lo
o
10
･1
I 0
･2
】o
･3
1 0
･4
】o
･5
FICl･ 3: T heintegrated E E La ndthe radiatio n emissio n spe c-
train theis olated Alu min u rn cylinde r･ T he s a m epa r aln eter8
aB fo rFig.2 w er e u s ed.
r e c eiv e s adrastic change･ Ac c ording to the 軸 u1･e, the
E E Lis do minated bythe absorptionin the cylinder u n-
de r study･ T herefo re, the e用･cieney for c on verting the
ldnetic en e rgyofthe charged particle to the radiation
via su血 cepla sm on is v erylo w.
Final1y) w e consider how the spe ctra change when
another cy】inderis added･ 1n this c as el the Llultiple･
scattering of theinduc ed radiation signi且cantly a鮎ct.s
the spectral As w ewil s e e, alm ost to uched metal1ic cylin-
der s caus es adra stic changein the spe ctr a a s w ellasin
the ne aトfieldcon丘gur ation･ This phe n om ena is clo s ely
relatedto the su rfa ce-e nha･n ced Ram an s cattering,
3 ト3 4
in which the irltenSity ofthe induc ed electro - m agnetic
aeldis enhanc ed m orethanthousa ndtim es aslarge as
thatof theincident intensity･ As an example, w e explored
the 丑EL for v ario us spatiala rangem ents ofthetwoiden-
tical Alumin u m cylinders･ FigA sho w sthe EE Lspe ctra
Pet(LJ,kz)wi th kz - 0 c o respondingtothe arrangem ents
sbo w皿 in the in s ets･ In (a) 弧d(b)the tw o- cylinders
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FI G. 4: T he E E Lspe ctr ain the tw oide ntical Alumin u m
cylindel
･
S Witll Va rio u s spatiala r ra ngeln e ntS Sho wnin thein-
s ets ･ kz - 0 w a s as sur n ed･ Se etextforthe othe1
.
Pal
･
a lTl ete rS.
6
ar e w elトseparated】 the distanc ebetw een the tw o cylin-
dricalaxesbeing･4r(r - 1･25rn m]), whereasin(c)and
(a)they are v ery close to ea ch other, the distance be･
ing 2･16r･ Thedistancebetweenthetw o cylindricalaxes
and the tl'aje ctory ofthe charged particle is 2r in(a)
and(b), and is l･0 8r in(c) and(a), As expe cted, if
the tw o cylinders a re w ellsepa r ated alongthe trajectory
(case(a)), the E ELspe ctr um per cylinder ha s asingle
pe ak n ear ” - wp/J5,thoughan asym metry ofthe pe ak
is observed･ ln ca月e(b)thetw ocylindersar e separa,ted
along 七he nor m al dire ction ofthe traje ctory. T his ge-
o metry stillyields a single peakin the 丑EL spectru m at
LJ巴 LJp/J51 SirlC ethereis七heparity sym metry wi th re･
spectp tothetrajectol･y, No electro- m agnetic m odes with
the od dparityisinv olvedin c as e(b). Onthe otherhand,
if七he two cylindel･S are Very Close to e a ch other, s everal
loss pe aks appear atthefrequenciesfarfl
･
Om LJp/J5. In
partic ular, the spectru mofthe case(a)hast.w o marked
pe aks at”/LJp 望 0･5 2and0.84. T heユat,torpeakis shared
als oby case(a)･ ThepeakatLJ/LJp = 0.52 is relatedto
the weaklyre so rlantC avity m ode slocalized inthegro o v e
betw e enthetw o cylinders･
'
l
l
o c onBl･m this, w eshow the
fieldintensitylHE(Ⅹ)I
2
如 the pe ak凸
､
equency in Fig.5,
In the軸 urew e ca n see cle a rlythatthe peal(is c飢1Sed
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FIG ･ 5: T he Aeld inten血ylHz(冗)l
2
indu c ed by a r u n ni g
cha rgedparticle who s e V elo cityisO･4cisplotted at(k&,”) -
(0,0･523LUp), Whe re ape ak is obs er v ed in the 宜乱 spe ctr u m.
T he s olid line sta ndsfol･ the edges ofthe tw o cylinder s. T he
trajecto ry ofthe cha rgedpa rticleis at y - - 1･35[n m].
by the cavity m ode in the groo ve ･ As for the pe ak a,t
LU/Lop = 0･84we couldn
'
t find a clear eviden ce ofthe
res onant c avity m ode一 aS the 丘eld inten sity at thepe ak
frequ e ncyhas anotherlocalm axim u mat a boundal･y of
the cylinderbesidethat･inthegr o ov e s･ T hisfea･tu re sug-
gests that this pe akto be c aus ed by a 8trOng mixing of
a c a:vity m ode andthe SP Pmode s. Ifthe ele ctr.n ru ns
acro ssthe gr o o v e ofthe almost touched cylindel
･
S(c ase
(c)), t he pe ak a七LU =O152LJp dis ap pe ar sowing to the
sym metry mis match andthepeak atLJ =0･84LJpreceives
an enhance merlt.
Regardingthe radiation emission spe ctm minthe two
cylinders, its featuresare m o re o1･ les similar to tho s e
in bligA, thoughthe m agnitude of Pe n(”,k,)is m uch
s mallerthan that of Pel(LU,kz).
IV. EL E C T R O N R U N N IN G O U T S I D E
P H OTON I C C R Y S T A IJ
A photonic crystalthat c on sists of a periodic ar ray
of m etallic cylinders has a･ rich spe ctr um init) includ-
ingin血1ite SP Pbandsforthe TB polarization35736and
alo w- &equency ctltOぼ forthe
r
⊥
-
M polariz ation .
37 com -
bining the s epropertics wi th a runm ng chargedparticle)
the system can re a ct as a n ov el light emi tter. In fact,
when a chargedparticle pa s s es nearthe photonic crystal)
it inducest･he emission ofrealphoto n asw as丘rstpointed
out by Smi th and Purc eユ1for a m etallicgra血 g.
2 1Inthe
photonic crystal? this phenom enon c an beinterpreted in
tw o wa;ys･ One interpretation is a sfollows. The inci-
dente va nescerlt W aVe 血･om the charged particle a cquires
an Umklapp m om entu m tl
･
an Sferin the photonic cl･ys-
tal, thereby c ominginto the light c o nein the(”,kH)
spa c eJ k)Ibeing the w ave v e ctor paralle to the bou nd-
ary ofthe photomic cryst al･ As a･ re sult, realphotonis
emitted from the photonic crystal･ The otherin terpreta-
tionis to regardthe phenom ena a sa c oherent radiation
emission fr o mdifferent cylinders. T houghthe s etwo in-
te rpretation sal
l
e equivalerlt) the tw opoints ofview giv e
us ade epinsight ofthe Smi th-Purc ell(SP)r adiation in
the pbotonic crystal.
1n the c as e of anis olated cylinder, the indu cedradi-
a;tion emis sion is po ssible when gb
2
> k
z
2
, i･ e･ ,when the
emitted light isinsidethelightco ne of the(”,kz)spa ce.
On the otherhand
,
the co nditionthat the evane s c ent
light tur ns o ut tobe a realphoton viathetTmklap pm o -
m entu mtraTISferin the photonic crystalisgiven by
qb
2
- た
z
2
- (冨一 環)2 , o, (3 6)
a beingthe pitch of the photomic crystal･ Therefore,･the
allo w edfrequencyrange ofthe SP radiationis
a)- < 山 < u ＋) k
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where ふ = LU a/2汀 C and kz - kE a/2T･ Ifthe abo ve c?n
-
ditionis notsatis鮎d in theユight c one, a destr uctive ln-
tel'ferenc e am ong 七heinduc edra.diation丘elds 血om dif-
ferentcylindersdc cu r s,le adingtothe pr ohibition ofthe
radia;Lion emission . T his als oimpliesthat ifthel
･
eis no
abs orptionin the pho七onic crystal】 the c oncel･nedrange
in the(LJ,kz)space does not co ntribute to the E ELin
the photonic crystal. T he phase diagram ofthe radia-
tion emission atv - 0･4cis shownin Fig.6. In Fig.6 the
SPr adiatio nis al1o w ed inthe shadedregio n. Theal1o w ed
regio nhasthelow -frequ en cy cuto庁 whichincrea5eS with
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FI Q･ 6: T he phase diagr a m ofthe indu c ed r adiatiorlemis.
sio nin ape riodic ar ray ofcylinders with lattice c o n sta nt a
is sho w rl･ T he Smith- Pu r c ellr adia･tionis po ssible o nlyin the
shadedr egio n ofthe(k=,”)pla n e･ T he v elo city ofthe charged
particle w a stake nto be ” - 0･4c･ T he s olid lin eisthe light
lin e” - ck2.
in cre a sing ” value･ Be side, in the al1ow ed region ofthe
SP 1･adiation the photo nic density ofstate is in gen e ral
singularincluding the Van Ho v esl ngularity･ T herefo r e,
We m ay expect a quitel
･
ich spectr u mofthe SP radiation
in the photonic crystals.
T he rich spe ctl
･
tl mis n otlimitedin the SP radiation .
Weshouldm entio nthat thephotonicband structure ex-
ists also o utside the shadedregion of Fig.6, Aslong as
theim aginary part in ea is non- zero, the absorption of
theinduc edradiationisin evitablein the photo nic crys-
七al･ This c au se sthe E E Lo utside the shadedregion, and
the E ELis a5e cted signiac antly by the photonic band
struc七ure therein ･ Insidethe shadedregion the i)此 c on-
sists of the radiation e mis sio n a･nd the abs orption, and
they areindependent physicalobserv able s.
Like asin the c as e ofcltlSter Ofcylinde r s, theJゴ出⊥and
theSPradiationinthephotonic crystals c anbetre atedin
a u niBed 丘am ew ork withthe m ultiple- s ea,ttering m ethod
on the ba sis of ve ctor cylindric al w a v e s･ pendry and
M a･rtin-M or e no prese ntedforthe むst tim e an u ni丘ed
fr a m e w ork in ter m s of thetra nsfer m atrix m et.hodto all _
gu etheE E LandtheSPradiationin pho七o niccrystals.
12
,
The m ethod is based o n adiscretizatio n of Max w ell's
equation on a spatialm eshin orderto obtain the re al-
space transfer matriⅩ･13Theyfoundthat the scattering
m atrix
〉
whichis obt ained fr o mthe tl･an S知 m at riⅩ, is
dire ctly relatedto the E E Larid SPradiation spectra･
Their algorithm is ea sily adaptedto the tw o-dim ensional
c ou nterpart
3 0,3 8-3 9of thelayel･1{or ringa- Kohn -Ro stoker-
O htaka(I(I( RO)rn ethod 仙 45, whichis a gene r aliz a,tio n
of the m ultiple s c attering method to periodic s)′ste m s･
T helayeトI(1( R O皿 ethod has v ery high a c cu ra･cyfo rthe
photo nic cl
･
ystalu nder c onside ratio n. W e shouldnote
that thethr ee- dim ensio nal 1a;Her-i(E R Om ethod w asal-
r e ady used fb∫ discussing the E 乱 a nd 也e S Pr adi臥-
t･io nin three-dim ensionalphotonic crystals co mposed of
sphel
･eS･23
-2 占,46
Let)s a ssu me that a r u n n ig Charged particle passe s
o utside a6nite-thickphotonic crystalc o mposed ofa･ pe-
riodic ar r ay ofthe Alumin u m cylinders･ T he particle
ru ns with distan cesfrom the bou ndary(y - yin)paral-
lelto the(1,0)direction ofthe squ arelattice. Here, we
take the 冗 axis to be par allelto the(”)direction. A
schem a,ticillu stration ofthe system u nder studyisshow n
in Fig.7. In this cas etheindu ced radiatio naeld in 七he
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FI G･ 7: A cha･rged pa rticle r u n 8with dista n c e sfr o mthe
bo u nda ry ofthefinite-thick photo nic c rystal, wllich is com -
po sed ofa squ a re a r ray ofcylinders With pitch a . T he po-
lariz atio n v e ctor ofthe e v a n e s ce nt w a ve a cc o mpa nied by the
cha rged pa rticleis de n oted by e
土
.
o uter reglOn Ofもhe photoniccrystalin cludingthe pal
･ticle
t･rajectoryis given by
Bind'x･u' - - 竿写/砦抑 `
x - x jn'
×Q - 十(A,ho)e＋ei7九o S,
E吉-(k｡ ＋ 九,j=7h,kz),
ど - k｡ ＋ ho,
”
7九 = qb
2
- (k缶 ＋ 九)2 - hz2,
39
4 0
41
(4 2)
whereQj=土(h,九J), which ha s spatialten sol･ index, is
the sc a仇ering m atrix ofthe photonic crystal,
3 0k打 is
the】∋loch m om e ntu min theirreducible surface Brillouin
zone a sociated withthebou ndary,J7･(- 27TZ/a)is a l･e-
a
.
iprocal 1attice ve ctor, a nd又in - (0,yin,Zo)in the Carte一
slam C O Ordinate ･ Inthe op posite outer region oft.he pho-
tonic crystaltheinducedr adiation 五eld(tran smitted SP
r adia･tionin Fig.7)isgivcn by
B
ind
'x･u)ニ ー 竿写/砦e
iEI･'x - x o u t'
×Q＋十(h,h･o)e十e
iT^D S
, (4 3)
where 又
o ut
- (0,yo ut,zo), yo ut beingthe y- co ordinate of
the up pel
･ bou ndary. Qu antitatively, the b;i)i pelt u nit
一ength ofthe particle traje ctol･yis expressed by thefol-
ユo w ユngequation:
p
eL(uJ-a) -去poe2u e- 2けho■s
xl7九o[lm[(e十)TQ- ＋(ho,ho)e＋]･ (4 4)
On t･he otherha ndthe SP r adiation spectru mper unit
le ngth i5 givenby
pe -(” ,k2)-言pue2u e- 2'7^ ofs
x ∑ 7h(fQ＋十(h,ho)e＋[2 十IQ I ＋(h,A.o)e'F2r?5)
h∈ope n
where the su mmationis taken o v er the open di取a ction
c也a.n nels.
Ifthe cylinders arelo ss-le ssin the photonic c rystal,
again Pet(”,k&) - Pe n(” ,kz), T his c an easily be c on一
触 med by co nsiderirlg 且u x c ons er v ation ofthroughthe
photonic crystal:
∑ 7h(JQ' ＋(h,ho)e'l2 ＋1Q _ .(h,h.)e十l2)
九∈open
- 2J7h,川m[(e＋)tQ - 十(ho,ho)e＋](4 6)
He r e
)
w e study tw o kinds of m etallic photonic crys-
tals･ Oneis adilute photonic c rystaltha,t is composed
ofthe squ a r e array ofthe Alumin u mcylinders wi ththe
lattic e c onstant a - 4rL- 5[n m]. T he otherisits dens e
ve rsion which corre sponds to the cas e s(a)a･nd(a) of
the c oupled two cyli.nder stl･eated in the last se ction
(a - 2.16r - 2･7[n m]). The photonic ba.Tld stru ctures
ofthe se photonic crystals atkz - 0proje cted
'
onthe sur-
fa c eBrillouin zon ea s so ciated wi ththebo undary paralel
to the(1,0)direction ofthe squarelatticea reshowLlin
Fig･8･ Thebandstr ucturesw er ecalculated by usingthe
tw o-dim ensional ユayer- H E R Om ethod taking lm a x - 5
a nd 12in the dilute and de nse photonic crystals, 1
･e SPe C
-
tively･ Here, w edr op pedtheband diagr amoftheS(T M)I
polariza･tion) be ca useit is notrelev a nt to ou rpr oblem .
However
,
at non-zer oたE W e m ust take a c c ou nt of both
the S a,nd Ppola riz atiorlS.
In boththe photonic crystals the plasm a frequ en cy of
the cylinderis m uch sm aller than七he lattice sc ale, s o
that the pboto nic bandstru ctureisl′ery Clo seto tba七 of
the em ptylattice at highfrequen cies . How e vel･, below
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FIG･ 8: T he photonicba nd stru ctu r e ofthe squ a relatticeof
thelo ssl e ss(i･e･ り - 0) Alu min
.
u m cylinde rs･at kz - 0 w a s
pr oje cted o nthe s urface】∋ri11otll n z o n eas so ciated with the
bo u nda ry pa ralle to the(1,0)dir ectio n ofthe squ a relattice.
h (a)the cylinder s a re w eu s eparated(lattic e c o n stant a =
4r -5fn m]), whe re a sin (b)the cylinde rsn e arly to u ch(a -
2･16r= 2･7[n m]).
LJ - LJp m a ny 点atbands which char acterize the metal_
lie photonic crystals ap pe ar. T he s ebands are gen e raly
anisotl
･
OPic) r enecting the C4v Sym m etry ofthe sqtl ar e
lattice
J
a nd have a s ingular sta･te den sity. In the di_
lute photonic crystal, m any bands areconce ntratednear
LJ - LJp/J5･ T hisindic atesthat they are merely a tight-
binding c oupling oftheSP Yoftheisolated cylinder. In
principle, w e c a･n Bnd･infinite n u mbers oft,he 触tbands
arou nd ” - LJ
p/Jラ, aridthey arequite diBic ult t｡ di告_
tinguish･ On the otherhand〉inthe densephotonic c rys-
talthe且atbands are divel･Sein frequency, whereastheir
centel'is stillatLJ - Lo
p/1乃･ som eofthebands a re origi-
na･tedfrom the c avity m odelo calizedint,hegro o ve ofthe
tw o cylinders･ Ho w e v er, m os七月atbands are considered
to be related withthe SP Pofan Aluminu ln Cylinder.
In Fig.8 the dispersio nline ofthe r adiat.io nin volved
in the 丑E L
,
i･e･
,
LU - ”(k｡ ＋ h)(which is referredto
as the ” ユine) a s w e一l aB thelightユine L J - 土ck｡ a re
also sho wn ･ Hel･e
)
” is assu medto be eitherOAc oil 0.9c
and his taken to be O･ In the fl･equency range c orl-
ce r ned only theユine with ん- 0is r eユe v a叫 be c ause the
thre sholdoftheSPr adiation occu r ring alongthe ”line of
h･ - 27T/ais rat･berhigh (a - 空 0･2 86 andO･4 74in Bq.(38)
for” - 0･4c a ndO
･9c, respectiv ely). As a result, theE EL
is ca useds olelybythe absorptionin thefrequen cyrange
co n c e r ned･ Whe nthe ”line m eets the shaded region of
theproje cted band diagram ,the chargedparticle c an e x-
cite an elgen mOdeinthephotonic crystalandthus c aus es
an enharlCed abs orption lossin 上)EIJ･ S t･rictly spe aking,
the pl
･
Ojected band s che m eshould be usedto u nd
.
el
･
Sta nd
thefe aLtu re Ofthe photo nic crystalwithin丘nite thickness
along the ㍗ - X direction ･ Sinc e we a r econsidering a
加ite-t･hick photonic crystal, the shaded region in b
'
ig.8
m u stbe regardedas a s etofthe dispersion cu 1
･
VeS Of the
eigen modesin the anite-thickphotonic crystal･ Appar-
e ntly, as the thicknessincre a s es, the dispersio n cu rv es
員11s up withthe shadedregion.
Fig･9 sho w sPet(LJ,k&) with kE - 0 ofthe tw o pho-
tonic cryst als, v arying n u mber oflayers･ T he v elo city of
the charged particle was ta･ken to o･4c andthe pal･a me-
ter s w as tal( en to z e ro･ Conc erningthe dilute photonic
crystal, the 上出⊥ spectr u mhas the double peal(s n ear
” - LJp/vqin th
.
e m o no-layer c as e. Thisfe at,ure alre ady
ap pe aredin ther es ultof thetwo s epar ated cylinders(se e
Fig･4), where anasym me
.
try oftheユos spe akis obser v ed.
Asthe n u mber of layersI n c reas es, the double peaks dis-
ap pe ar andthe spe ctr u m conv erge sto a c ert.ain function
which h､a s single pe ak ne ar LJ - LJp/1乃. T he c on verged
spe ctr um is notsofarfrom the 丑E Lspe ctru moftheis o-
latedcylinderin whichthesingle pe akisfoundatkz ≡ 0.
T he s efe atures are c on sistent withthe nu m ericalre sults
on the project･ed band structure(Fig.8): Th… ユine of
” = O Ac hits only t･he nat bands ne a r LJ- LJp/1乃. As
in theisolated cylinder) we caninfertha七the single pe ak
in the 上ユEIJ SPeCtr u mis caused by the br o adening and
m lXlng Of thenat ba nds ow lngtOthe non-zeroim agina ry
partin Ea .
As for the de nse photonic crystal, there ar e sever al
losspe aks who se positions change a sthe n umber of lay-
ersincre a s e s･ Compared with the cas e Ofc oupled two
cylinders,the peakpo sitions of the E ELspe ctru min 七he
photonic crystalare w ellc orrelat.ed with thos e .I c a s e
(a)of Fig･4･ In particular, the tw o
.
peaks at ” = o･5 5up
a ndO･8 2LJ
p actJV - 32are ofrem lmiscenc e s ofthosein
cas e(a), and the c orresponding 且atbands,.which ha v e
relatively large widthsinfreque n cy, can be obs ervedin
Fig･8(b)･ Again, abo v e LJa/27r C ⊂ご0.0 1 t.he E E Lspectru m
co n v erge sto a certain function within cre a sl ng n u血ber
oflayers) thoughthe co nve rgenc eprogl
･
eSSeS Slowly c or11-
pal
･
ed wi ththat in the dilute photonic crystal･ A rem a rk-
able feature in this cas e ap peaJl
･
S below LJ a/21r C- 0.0 1,
where afrequen cy shiftof a s mall lo s speak is obsel･Ved
wi thincreasing N･ In co nt1
･a st to the dilute pllOtOnic
crystal, in su ch lo wfl･equency region tile ” lin elies in
the shadedr egio n ofthelow estband evenfol･ .” - 0.4c
,
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FI G･ 9: T he EE Lspect nl m Ofthephoto nic crystals atk= - 0,
va ryingthe n u mber of layer s. T he v elo cityoftil e Cha Jgedpar-
ticle wastakerLtO ” - O Ac. In (a)tile Cylinde rs a r eWel sep-
ar ated(lattic e c on stant a - 4r), wher e asin(b)the cylinder s
n e a rlyto u ch(a - 2.1 6r). T hetr aje cto ry ofthe cha1･gedpa.rti-
cleisju sto nthebo unda ry ofthephoto nic crystal(i.e. s - 0).
Co n se c utiv e c u r v es a r e shifted 2× poce
2/8 a nd 5× poc e2/8
tlPW ardin(a)a nd(b), r espe ctiv ely.
as c an be s e en in Fig.8. T his band do es n ot origina,te
fro mthe SPY m odes, a ndthusthelo s pe aksfo u nd be-
lo w LJ a/27r C- 0.0 1 is diqere nt in feature fr o mthat by
the Sp y ba nds.
T he effe cts ofthelowest band in the B ⅢJ spe ctru m
c anbe clearlyde m onstr ated inthedilute photo nic cl
･
yStal
wi th largethickhess, using a charged particleimpinging
withs u ch high-spe edtha七the” lineisinthelow estband
inFig･8(a), FigユOsho w sthetw o 丑E Lspectra ofv - 0.4c
and0.9cinthedilute photo nic crystal having25 61aye1
･
S.
As c an be s e enin theBgure, theloⅥ′e stbandc aus es v ery
sharp losspeal(s whose positions are distri buted belo w
u a/27TC = 0.0 2 5. In ordel･ tO u ndersta ndt.his tea;tulle,
w e m ust re m ark that outside thelight c o nethe band
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FIG･ 10: T he E E Lspe ctru m ofthe dilute photo nic crystal
ha ving 256 laye rs at kz - 0･ T he v elo city ofthe cha rged
particle w astakeTltO O･4c(dashed lin e) and 0.9c(s olid lin e).
be com esthe set ofthe guided m odesin the c orl･eSPO nd-
ingfinite-thickphotonic crystal. More o v e r, as m entioned
later
,
we can re as o nablyintroduc ea ne鮎ctiv ediele ctric
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The e庁ectived.ielectl･ic function of Max well_ Gar n ett is
give nby
軌 )- Eb(1十 蔑), (47)
･ - 器芸, (48)
Ibeing七he丘11ing ratio n of the cylinders. Usingthis ef-
fe ctiv ediele ctric function
,
the disper sion l
･
elatio n ofthe
guided m odesinthe(1o ss1 es)eqe ctiv em ediu misdeter-
mined by
1 -
7 =
7
/
-
(
-
7/Eb ＋ 7
′
/Re(Ee
M
G
G
)＼
2
)7/Eb ＋ 7′/Re(EeMffG
(≡)2Eb - ka,
(冒)2Re(Ee”EG)- た蓋
exp(2i7d)- 0,(4 9)
(5 0)
(51)
a being the thickness of the photonic crystal. Byim -
po sing the m atching c ondition offrequencyLJ and w a ve
ve ctork3(- 〟/tJ),the above equ ationhas a sequ ence of
s olutions
,
whichagree withthepositio ns ofthe shal
･
Plos s
pe aks ofJU - 0.9cin 上
､
ig.10f 血1y w ell.
T he conv ergence of Pet(w,たz)is a direct c on seqtlenC e
ofthe con verge nc e ofthe s c attering m atrixQ _ ＋ its elf.
As w asdis cussed by Botten et al, the converged valu e
ofQ- . gives the reaectance ofthe s
.
emi-in丘nite pho ･
tonic crystal･
3 9This alsoimpliesthatusi ngthe c on verged
value ofQ- ＋, w e c an extract theeFec七ivedielectricfun c-
tio n vian･e s n elJsform ula of theinterfaceS･ m atrix. T hat
is
)
for the P-polarizedincident w ave
)
t･he s c attering m a-
trixQ 十 Ofthesemi-in丘mi te photonic crystalc an be r e_
Ca rdedast･heinterface S- m atrixbetwe enthebackgro u nd
m ediu m andthe eqective m ediu m:
[Q- 十(九o,ho)]pp ご
7
/
-
7/Eb - 7′/Eeq
7/Eb 十 7′/Ee庁
'
(≡)2Ee圧 - (冒)2･
(52)
(53)
Here
l
k
z
- o wa s aBSu med･ The e庁e ctive diele ctricfu nc _
tion EeF Obt ainedinthis w ay, along withthat.fM ax well_
Gar nettfol･ the densephotomic crystal are sho wn in
Fig･11･ The fu nctionis not s ofar from the eHectiv edi_
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FIGL ll: (a) T he eGe ctiv e dielsctric ftln Ction for the P_
polari乞edligh七 inthe de n sephoto nic crystal(a - 2.16r). T he
c a sekz - 0 w as aS S u m ed･ (b)T he eqectiv ediele ctricfu n cti. n
of Maxw ell- Garnettin theden sephotonic c rystal.
electricfun ction of Maxwell- Gar n e七t
,
thoughsom e extr a
feaJtu re S at LJaj27' C= 0.019 and 0.0 26al･e .bserved. In
the n e x七se ction we wi llseetha七the E ELspectr u minthe
photonic crystal) when the charged particle ru nsinside
11
the photo nic･c rystal)is w ellreproduced withthe eHective
dielectric fu nction having the extrafe at.u res, Asforthe
dilute photonic crystal, ou re庁ective diele ctricfu nctionis
very clo s eto that of Max well- Gal･nett,
Ⅴ . 臥 E CT R O N R U N N IG I N S I D E PH O T O N I C
C R 甘S T AIノ
W hen achargedparticler u nsinsidethe photonic crys-
tals
)
theinducedradiation aeldis ra地erinv olved owing
to t･he m ultiple-sc at･tering am ongt･helayers abov e and
belo wthe trajectory･ How e v e r, t･he s c attering m atrix
血 m alism is readily adapted to the c ase aslong a5the
particledoes not p由1etrate arty Cylindel･Sin the photo nic
cl･ystals･ A sche matic ilustr ation ofthe syste m u nder
con siderationis sho wnin Fig･12. Inthisc as et.heindu ced
t7
0 0 0 0
○
○
○
a
○
○ 0 0 0
｢＼
○
○
b
FIG･ 12: A cha rged pa rticle ru n sin sidethe photo nic crystal
wi tha n equ al dista n c efro mthe upper a nd lo w er n ea re stlayer s
ofthe tr aje cto ry･ T he pla n e w a v e co e瓜cients oftheindu c ed
w av ein the v oidstripein cludingthe trajectory a rede n oted
by a a nd b.
radiationBeldrea ctingba ckto the chal･gedparticleis de-
ter mined as
Eind'Ⅹ･u' - - 竿写/普
･(aheiEI''x ‾ x o'＋ bheiK ^
-
･'x - x o'), (54)
ah･ - (1 - Qi- Q竺十)
‾ 1
Q‡_(e
‾
十 Qu_ .e
十), (5 5)
bh - (ト Qu- 十Qi-)
‾ 1
Qu_ 十(e十 十Q‡J ), (5 6)
whel･e Q望)isthe scattering m atrix ofthe up per(low er)
1叩erS above(below)the tl･ajectory and xo - (0,y., I.).
Beside
l
the Fourier c o efRcients ofthe up per and lower
12
tr an s mit･ted w av e, denoted by七吉,is als o obtain ed as
t - ∑Ql.(h,h/)(e'6^ ,ho 十 ah.I), (57)
h./
七h
-
- ∑Q竺Jh,h/)(e
‾
6h,ho 十 b九′). (58)
九/
T herefore
,
the E ELand SP l･adia･tion spectra per unit
le ngth be co m es
pet(叫 kl)ニ ー左poe2u(7h.o(Im(a;o ･ e - - bho I(e･xsP)
pep(” ,kz) -去p.e2u ∑ 7h.(Ztll2十[th12)･ (6 0)
h･∈ope n
Again〉thenu xc ons er vationin alo s s-ユe ss･phot･onic crystal
le ads
∑ 7ん( 柑2十JthTI2)
h･∈ope n
- - 217h.DIIm(a完.o ･ e ∴ b九o ･(e十)'), (6ユ)
whichimpliestha七the E E Lis equalto theSPradiation
emユS SIOn.
Atlo w frequ er”ies we m ay expe ct that the E 丑Lin a
phot･onic crystalis s om ehow ap proxim atedby that･ ofa
lo s sy eqe c七iv ehom ogene ou s mediu m･ Asis kno w n well,
the rela;tivistic E ⅢJin su ch a mediu m withpermi 七tiv ty
EeLris glV en by
pel(u ･kz)-妄poe2uRe[吉(ト(芸)'l;)]･ (62)
per u nitle ngth W hen Eeffis r ealandthe co ndition ” >
c/ ㍉諒is satis丘ed, the above equ a;Lionis equalto the
Ce1'e nko vlo ss･ O therwis e
,
Eq.(6 2)can be regarded as
the E E L by the abs orption･ In a･ ho mogeneou s metal
the bulkpla sm on do minan七1y c ontributesto the 玉EL,
becau s eofthe fa ctor 1/EeLf.
上､ig･1 3sho ws the 上)此 spe ctra ofthe dens epbo七onic
crystala ndits simulation u sing the e触 ctive dielectric
fu nction obt ained by Eqs (52) and(53). frere, the
chargedparticle r uns withvelocityO Acbetw eenthe32th
a nd3 3th layer ofthe64-layerthickslabofthede ns epho･
tonic crystal.
On e c anobse rve that t･he frequency ofthe main loss
peak islargerthan ” - 0･9LJp' Which is clo s eto the bulk
plasmonfrequen cy･ T hisis quite r ea sonable, taking ac-
cou nt･ thatthe densephotonic crystal ha salallge filling
I.atio(巴 67%)andthusis clos eto thebulk m etalofAlu_
min u m･ Be side the mainlosspe ak, tw o s mallpe a･ks al
･e
observedin the E ELspectru m. tJsing the hom oge neou s
mediu m ap proxim ation withthe eEe c七ivediele ctricfu nc-
tion obtained in the previous se ction the abo v efe ature s
al'e wellI.e,PrOduced･ It sho uld be e mphasized tha;t. the
sm alltw ope aksint,hede nse photonic crystalcannotbe
explained withthe e庁ective m ediu mtheory of Maxw ell-
Ga訂n ettbasedon ESkGgiven by Eq.(47).
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FI G･ 1 3: T he E乱 spe ctr u min the dens epho七orlic crystal
ha ving64 1a,yers alo ngther - X dire ctio nis Sho w n. T he B 乱
spe ctr u min the e触 ctive m ediu m whos ediele ctricfu n ctio nis
giv e nby Fig･11is als oplotted･ T he v elo city ofthe cha rged
pa rticleistake nto 0.4c.
Regarding the 丑EL spectr u min the dilute photonic
cl'ystal, o ureuectiv edielectric function as wella 5七he
M ax w ell- Ga rn ettap proxim atio n reproducethe spe ctru m
having a single pe ak ne a r LU- up/ヽ 乃f乱irly w ell.
ⅤⅠ. S ロM MAR Y
Inthispaper w ehavepre s enteda fu lly-relativistic a nal-
ysis ofthe EE Landtheinducedradiation emis sionin
val
l
ious spatialal
･r a ngemen七s ofm etallic cylindersby us-
ingthe nlultiple s c attering m ethod and七helayer-i(K比O
m ethod･ In anisolated m etalic cylinderwi th a n ano s cale
diam eterwe showedtha･t the E ⅢJis domin ated by thc
absol･Ption r ather than theinduc ed radiation e mission.
T hus
,
the e氏ciency of c onve rting the kinetic energ yof
the chargedpal･ticletotheradiation e mis sionis v erylo w.
In the tw oidenticalm etal1ic cylinders a v ariety of E E L
peal(a appear. So me of them are a;ttributedto-也e c a v_
ity m odeユo ca･1izedin the groove betwe en the cylindel
･
S.
Sucha c avity m ode aB W elユasthe SP Pm ode sbe c om ethe
Seedofthe 鮎tbandsin a den se periodic arr ange ment of
the m etallic cylinders･ After pre se nting a m a,them atical
description oftheJ土此 andthe SPradia.tion emission
in tw o-dimen sionalphotonic crystals conpos e且 ofcylin-
del･S
〉
W e Showedthe n u mel･icalresul七s ofthe E E Lspectra
in both dilute and dense periodic arrays ofthe m etallic
cylin ders･ Inthe dilute photonic crys七althe E ELspec-
tru mhas a simple stl
･
t”tul
･
e ･ T he spe ctr u mhas a single
peal( ne ar ” - Lop/J5 andis not sofarfro m the 丑BL
spe ctru mintheisolated cylinder･ How ev er, when a high
speed chargedparticle pa s es nearthe photonic crystal,
a sequen ce ofvel
･
y Sharplosspeaks, wi1ich c om esfrom
thelow estphotonicbandguidedin the 且nite-thick pho-
to nic cryst･al, ar e obser v ed. T hepe aks al
･
e COmPar ablein
m agnitude wit･h thatby the SP P bands. On the othel･
hand in the de nse photo nic crystalthe E E Lspe ctru mis
veryco mplic atedre丹ecting the photonicba ndstructure)
though a go odcor r esponden ceto the E E Lspectru min
the alm o st touchedtw o cylindersis obs er ved. In boththe
photonic cl･ystalsthe e庁e ctiv edieユect ric fun ction s
l
Which
are obt ained with the r eae ctanc e ofthe c or responding
s emi-in丘nite photonic crystals,fairly reproduce the 上皿
spe ctra when the charged particle r urlSinside the pho -
tonic crystals.
In this paper we have r estricted. ou rselv esI.o v ariou s
arrangem e nts of AluminuLll Cylind
L
ers who s ediam et.eris
瓦 few nano m eter s
l
bear】rlg C arbon n ano -tube ar r ays in
rnind･ Sin ce七heplas ma W a velengthofAlu min u mis m uch
largerthan the above scale, a metallic photonic crystal
c omposed of the cylinders behav e s a sifitha s 叩 effec-
tiv ediele ctric fun ct･iorlreaeCtingthe c oupledSP Ps,irlt･he
frequency r ange concc r ned･ In addition theS Pradiation
from the photomic crystal is c ompletely absent. Bow -
13
ever,it is ofgre atimportancet･o study the 丑ELandthe
SP radiation emission spectra when theユattic ec o n sta.nt
is c o mparable with the plas m a wa velength ofthe con-
stituent cylinders･ In this cas e an effective mediu m ap-
pl
･
OXirn ation c an notbe adapt･eda ndusualphotonicbands
a8
-
e c七 str ongly the E E Landinducedradia出on emission
spectra･ To explol
･
er the spe ct･ra in su ch m etalic pho-
tonic crystals with and witbo u七a stm ctur al defect isthe
m ain them e oftbe paperII.
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Relativis七ic ele ctr o n e n e rgylo s s a ndindu c ed r adiatio n emis sio nin 七w かdim e n sion al
m e七allic photo nic crystalsII: Pho七o nic ba nd e鮎 cts
Tetsuyuki Ochiai andⅠくazuo Ohtalfa
Ce nte rfo rFrontier Scien ce, Chiba Univ e rsity' Chiba B63-85BB, Japo.n
(Dated: Ma rch 5, 2004)
T hispaperpr es e nts afullyr elativistic a nalysis ofthe electron en ergylo ss andtheindu c edradiatio n
e mi8io nin a m etallicphoto nic crystal･ T he crystal
)
alattic e co n sta ntis c o mpa r able withthepla s m aw av ele ngthl a ndthe an alysisi8Pr es e nted in ter m s of七he m ultiple sc attering m ethod ba s edo n v e ctor
cylindric alwa v es･ T he ele ctron e n ergyloss and the S mith-Purc ellr adiation emis sio n spec tr a are
w e11c o r related with the photo nic band str u cttlr eS
,
both with a nd witho ut a str u ctu r aldefe ct. In
particular) su rfa ce･1o c alized m ode s a nd w a v eguide m odeslo caliz ed in alin ea rdefe ctc a nbeidentiBedin the spe c七r a･ In ad dito n
)
w e sho wthat highlydire ctiv e radiatio n emissio n近po 88ibleby u sing aw av eguide m ode at the ど point.
P A C Snu mbe r s:42･7 0.Qs,73.20.M f,8 4.5 0.Bw
I. I N T R O D U CT IO N
In the pl
'
ec eding paper
l
(referred to as PaperI) w e
prese nted a fully relativistic de s cription ofele ctron en･
e rg ylo ss(E EL)andinduc edradia;tion emis sionin a rbi_
trary arr ays ofn on- overlap pユng m etalic cylinders. The
descriptio nis giv en in ter m softhe m ultiple s cattering
m ethod ba朗 d on vector cylindricalw a v es. As a n ex-
ample, w eha v e explored arr ays of alumintlm Cylinders
who s edia m eters are afew nan om eters
)
c onsidering car
bo nnano-tube arr ays andother metallic nano-str u ctures.
Using a n anoscale pel
･
iodic stru cture? theinduced radi-
atio n emissionis prohibitedkinetical1yid thefrequency
range of interest whichis ne ar the pla sma frequency of
alumin u m･ T hus
l
the E E Lconsists s olely ofthe absorp-
tionin thestructure･ Mo r e o ve r, an effe ctive m ediu m ap-
proxim ation c an be reas onably appliedto the strucbre
be cau se the w a v elngth is 山uChgre ate rthanthe pitch of
the periodic Structure.
However
l
if thediam eter ofthe cylindersand t he pitch
in an ar ray of metal1ic cylinders are c omparableto ol･ ex-
c e eds the pla 5ma･ W a velength, the E E Landtheinduc ed
radiation emission ha,ve a prono unced te a;Lure reAe ct-
1 ng the photonic band stru cture ･ 1p particular) Smi th-
Purc ellradiation(Sp 氏)o c cu rs in thefrequency range of
interest･ As a c on sequenc e, a signiBcantpal･tOfthe E EL
is c au sed bythe SP A.
Inthis paper, wefo cus onthe eqects ofphotonicbands
in a･ pe riodic aJ T ay Of m etalic cylinders. As a model
system 7 W e Cho ose a silver cylinder wi th r adius r(16 0
【n m])sin c esilver ha s alo wipaginary partin
.the dielec-
t ric function atthe freque n cies Ofvisiblelight, Thus, w e
m ay expect that the absorption in the plmto nic crystal
isquite sm all, s othat thei)出L is do mirlated bythe Sp 氏.
The diele ctric function ofsilve r at these丘equenciesc an
be ap proxim ated withthe Drudefor m ula :
E
a(LJ) - E∞ -
w芸
LU(LJ＋i7)
I (1)
where ど
∞
- 5･7
,
hLUp - 9[eV], and 瓦り - 0.04【eV]. T he
su rfaceplasmon polaritonin a aa･tSilv er- airinterfa c ecan
befou ndat
u = 篇 (2)
in the non-retardationlimi t･ T he above dielectric pl
･
C L
file ofsilver
)
as w ella scop per andnickel) ca nbe utiliz ed
aB theingredierl七ofathree-dirnen sionalphotonic cryst･al
wi th an o皿 ni-dirc ctio nal bandgap･2Infact, adensefa c e-
c enter edc ubic array ofsilvel･ SPhel
･
e Swiththe same di-
am eterhasthe completephotonicbandgapfarbelo wthe
plasm afrequency･ Sine e也e ga,p open sbetwe enthe丘fth
andthe sixth bands, it is robust a･gainstdis order. This
is c ompar edwiththeinverse opalIin whichthe c omplete
b and gap open sbetwe enthe eighth andninthbands.
This feature repeatsin a, dense square al･ray ofthe
silvercylindersin air･ In c ontra st to m et al lic sphel
･
e S
)
an array ofm etalic cylinders giv es ris e七o polarization-
se n sitiv elightpropagation be ca us e ofthe anis otropy of
the structur e･ Asis c om m o nknowledge, a periodic ar-
ray of m etalic cylindersbehaves a sif it is a bulk m etal,
wi th the lo w-frequency plasm on fo rthe T A41POlarized
ユights, whos e ele ctric fieldis paralle to the cylindl･ical
axisl tra v elingin-plane perpendicular to the cylindrical
axis･ Theplas m afl･equ e ncyoftheloo -frequency plasmon
is roughly e stim a;ted as
LJ
c
-
～
∫
1 - f十fE ∞
Lop) (3)
Ibeing the fillingfr actio n ofthe silver cylinders. Be_
lo w ” - LJc ther eis no bulkeigen mode ofthe T Mpo -
larization in the photonic crystal･ For T Epolariz ation)
in whichthe magnetic点d dis paral1el七o the cylindrical
axis
,
t･hc phot･onic bandstructurehas awide bandgap
betw e en the点rsta ndthe sec ond ba nds atkz ≡ 0. There-
fore
)
the metallic photonic crystal has the polariza,tion -
independent in-plane gap a slong aB LJc exc eeds the up-
per gap edge ofthe T Epolarization･ Ovir ngto theband
gap' a v ariety oflocalized defect modes m ay ap pe ar when
str uctur aユdefects areintr oduc ed･ It isimportant･ to ex-
plore in detail what happen s when a charged particle
Passe sne ar a m etallic photonic crystalwith sucha band
gap･ We addresthisissue inthe prese nt paper.
The paper is organized a sfollo ws. In Se ction IIthe
photonicbandstructureofa m etallic photorlic crystalis
studiedin c on ne ction withthe SP R･ We explore ho w the
bulk eigerlm Odes a s w ellasthe 8 ul･face-localized mode of
the m etallic photonic crystalaqe ct the E E Land Sp 氏
spectra in Se ction lll･ Sc ctiorll Vdiscusse s a po ssible
sc enario of dil･e ctiv eSp aint･hephot･onic crystal･ Finally)
w e sum marizethe results.
ⅠⅠ. P Ⅱ O T O NI C B A N D AN 工) S M I T 臥PU R C E L L
R A D I A]T I ON
P hotonic ba･nd eGe cts play a cruciall･01ein the 上ユ乱
and SP Rspe ctra in a photonic Crystal) pa rticula1･1y in
the frequ ency r ange c omparabユe with thelattice s cale.
He r ewe study a met alic photonic cryst als c omposed of
a square alTay Of silv e r cylinders wi th thela,ttic e c on_
scant a - r/0･4 5= 3 55･6[n m]･ The photonic crystalis
as su medto hav ein 血ite e xtent in the(1,0)dil･e Ction of
the squarelattic e andtohave afinitethickne ss alongthe
(0,1)dire ction･ As in PaperI, the A, y, and z axe sa re
c onsideredto be paralleユto(1,0),(0,1), 弧 dthe cylin-
dricalaxIS
l
re SPe Ctively･ T he photonic band structure
ofP(T E)-polarization atkz - o projected orlt. the su p_
fa c eBfillouin zone a s so ciated wi ththe boun 血ry paral-
ユel 七o(1,0)is shown in Fig･1･ T he band structure
.
w as
calctla七ed by uslngthetwo -dim ensionallayerl{o r l nga1
1(ohn- Rostoker- Ohtaka methodtakingln a x - 10･ Here,
w edroppedtheband diagr amoftheS(T M)-polarization
be c atlS eit is not rele v ant to o ur problem ･ Ho w ever) at
Don- z ero kz w e m ust take a c cou nt of both the S and
P polariz ations o w
,
In雷 tO POlariz ation miⅩ1ng･ ln 上
I
ig･1
the shadedregipns c or re spondto the btlk eigen modes,
wher'ea sthe blank regions cor respond to the(ps eudo)
gaps ･ The photonic crystal has a large in -plane band
gap betw e en the 血 st and the s e c ond ba nds ･ T he gap-
width/mid-gap ratio is about 36% at kz = o. We
shouldnote that thein-plane band gapis polarizatio n-
indepe ndentbe ca us ethe cutoff Alequency LJcfo rthe TM
polari広ationis about o･92 in units of27rC/a . T hein-plane
gap' nevertheless, opens at s mall kz e v en after mixing
ofthe polarizations) where as the gapincre a s esin f1･e-
quen cy･ In addition, athighfrequ encies nea rLJ a/27r C-
1
I
there areinRniteflatbands ofsul･fa c eplasm on polari-
ton(SP P) origin. T hisis
thatLJp/
logical, takinginto a c c ou nt
E∞ 十1 - 0･9 97 in units of2甘C/a. T hefollow -
1 ngdiscu ssionisrestrictedto thefrequencyregionbelow
LJa/27rC≦0･9,s uchthatthe 触tbands of SP Porigin can
もe neか cted.
Befor edis cusslng the eqe cts of七hephoto nic bands on
the E EL andSp 氏, w e shou一dreca,l the kin etic sin volv ed
in the 瓦ELand SP R･ A schem aticillustr a;Lion ofthe sys-
tem under study is Show nin Fig12･ W hen a chal･ged
particle pas s es nea rthe photonic crystal wi th itstraje c-
toryparalle to tile(1,0)dire ction, theparticle pr oduc es
U
t<
S
8
k a/27T
7(
FIGL 1: T he '1
､
b)photonic ba nd str u ctu r e ofthe squ a relat-
tic e of the silv er cylinde rs atk& I 0 w a spr oje cted o nto the
s urfac eBrillo uin z on e a ss o ciated withthe bo u ndary pa r allel
to the(1,0)dire ctio n ofthe squ a relattic e. T hela.ttic e c . n_
stantis a ≡ r/0･4 5巴 3 55･6[n m], where ris the r adiu s ofthe
cylinders･ which w a stake ntobe160【n rn]･ T he shadedr egきo nsc orr espo ndtothebulk eige n m odes, whe re a sthebla nkr eglOn S
co rr espond to the(ps eudo)gaps. T he thick s olid lin eis 七he
lightlin e(” - 土cka)a ndthedotted(da血 ed)lin es
.
ar ethe v
lin es(LJ - ”(k才 ＋h)), whichreprese nt thethediBPerSIO n Ofthe
r adiatio n a c co mpa nied bythe cha rgedparticletr a veling with
v elo city ” - 0･5c(0･9c)I T he cha rged pa rticleis s up pos ed to
tra N elparal le to thebo unda ry ofthephoto llic c rystal. T he
dispersio n c ur v e ofthe s u rfa c e-lo c aliz ed m ode(dis cu ss ed in
Se ct Ill)a ndthat ofthe wa v egu,ide m ode, which is obtain ed
by r e m o ving a single c olu m n ofthe cylinder sfro mthe pho-
to nic crystal(disc u ss ed in Se c･ IV), a re alsosho w n(s olida nd
dash-dotted lirl eS).
a s o u r cet rm of the exter nalcurrent in Max well's equa -
tion ofthe sys七em ･ Thete rmis propo rtionalto 6(エ ー 叫 ,
where6is Dira c)s deltaJfun ction･ T he refo re
)
the Fou 1･ier
transfor mwithre spect to I a･ndiyieldsthedispersion re-
lation LJ - Vk
3 (referred to a sthe ”ユine)fortheradiation
a c c omp anied by the chal･gedparticle ･ ln a v acu u m
,
this
dispersion is dutside theユight c one, a ndthusthe radia_
tio nis evanesce nt･ tlowev er
l
theradiationis sc attered by
the pbotonic crystal, a cqulrlng an Umkユap pm om entu m
shiftfor ね owingtothe periodicity ofthephotonic crys-
tal･ Afterthe scattering, T he shiftedv lineLJ - ”(ka 十 h)
1iespartiallyinsidethelight con e･ flere, h(- 27' n/a, n
: integer)standsfor.a r e cipro cal lattic eas s o ciated with
the(1,0)dire ction . T herefo1･e, the ev ane scentradiatio n
ca ntl･a n sfor minto a pr opagating one. In order to vi-
s ualize this
,
the ” line s of diqerent v elo cities(” - 0.5c
andO･9c)andtheユightユine LJ- j=ck缶(pl･0vided kz - 0)
are overlaid onto the pl
･
Oje cted band str u ctur ein Fig.1.
As c an be s e en in Fig･1, the shifted ” line of ” I 0.5c
and h - 1in u nits of 27r/a isinside the light cone if
w a/27r C≧ 0.333. Forthe shifted ” line ofv = 0.9c and
h - 1
,
theユineisin side thelight coneifLJ a/27rC ≧ 0.47 4.
In gene ral1 the shi氏ed ” line ofv elocity ” and h- 1 is
y0
¢
～ V
十e
FIG･ 2: Sche m atic iuu stratio n ofthe 8yBte m u nde r 8tudy.
T he photo nic c rys旭1hasin允nite e xte nt in the x zpla rl ea nd
ha s a丘nite thickn ess alo ng the y dir ection(jusも tw olaye rs
in the丘gtlr e)･ A cha rgedparticletra v els belo wthe photo nic
crystal a nd indu ce sthe Srnith- Pu rc en radiation(SP A). T he
polar a ngleC ofthe S p a isdefined asthein n er a nglebetw ee n
the u nitv e ctor dir e cted to afa ト丘eldobs er va･tio npoirlt a nd
the x axis･ T he a zim uth alarlge4･i8deRn ed onthe yz pla n e.
T he ”(I)a xis co rre spondsto4･ - Oo(90
Q
).
insidethelight c oneifthefollowingconditionis s atis丘ed:
”
扇 ≧‡子音･ (4)
This provide sthelow-frequency thre sholdofthe Sp 氏.
To des cri be the propagating dire ction ofthe S PA,it
is c onv enierlt tOirltrOduc ethe polar c?ordinate(Fig.2)･
The polar angle(0)is definedasthein ner angle-betw e en
the u nit vector dir e ctedto afar-丘eldobserv ation point
and the x axis･ T he azim uth alangle(め)is de触 ed on
the yヱ Plane ･ Sinc ethe x component ofthe w a v en u mber
v e ctor ofthe Sp 氏is given by k諾 - LU/” - h, the polar
angle ofthe Sp 氏is 触 ed as
(J α
c｡seh = 出山 I
C
(5)
at a･ glV enfrequen cyLJ･ The azim uth alangle oftheSp 氏
depe nds o nbothLJ andkz , a ndis given by
もa nゅ -
kz
(管)2 - (岩 一 九)2 - k望
(6)
Sincethe kzintegral is nv olved in theSP Rspe ctr u m, a s
was de1.iv ed in PaperI, the azim uth alangle ofthe .SP A
is not fixed.
In the photo nic crystalwe m u st c ombin e the abo v e
kinetics with the photonic dispersio n l
･
e ation LU -
LU
n(k｡ ,ky,kz)inside the crystal. We can expe ct that
a large enhanc em erlt Ofthe E ELalld SP Awhen the v
lines(includingもhe shi氏edones)hi七thephotonicbands.
This is ca u sed by e xciting photonic elge nStateS Onthe
” lines･ As depictedirl Fig･1, the ”ユines are partially
in the shadedregions that c orrespondto the bulkeigen-
stahes a nd are als oin the pseudo gaps･ The shadedre-
giondo esriot truly repre s enta. co ntinuousdistribution of
photonic elge nState S･ Ra,thor, itrepre s ents aden se but
discrete distributio nofthe m･ T hisisdu eto our u sing a
丘nite-thicknes photonicc rystal, andthe qu a ntiz a;Lion of
the m om entum alongthe direction ofthickness m ustbe
c onsidered･ T herefore
)
by scaJl n l ng ” , the ”lineshita
seque nce ofdiscrete-leveleige nstates, T hus,theb)blL and
SP Aspe ctr a l
･e Vealar apidoscilla;Lioninsidethe shaded
regions･ Letuss up posethatone ofthe eige nstates o nthe
vlinec au s es a strong enhanc em e ntintheS PRspectru m.
This yields a m o no chrom a伽 radiat･ion wi th a particular
frequency, andthusthe l･adiationisdire ctedto a c ertain
polal. angle determined by Bq.(5). Ho w e v er,itdo es not
generallyimplyちha;t the radia;tion is alsodire ctiv e a sit
l･elatesto the azim uthalangle･ 1nSec･ⅠⅤ, w e willdis cuss
ho wto obtain a dire ctiveSP Rrela･tingto bothpolar and
azim uthalangles.
ⅠIf. B IJL K A N D S U R F A C E ST T S
Letusc o n sidertheE ELandSP Awhena chargedpar-
ticlepasses n e a rthe 血1ite-thicknes sphotonic crystal. ln
Fig･1the ”lines ofv - 0.5cliein the shadedregio nof
thelo w e stbanda;t 0.2 ≦ LU a/2m
･
c ≦ 0.3 3, Thelines are
insidethe photo nicbandgapinthe &equencyregion be-
tw e en LJ a/2打C = 0･3 3a･ndO･52andin the ps eudo ga,ps
nearLJa/27T C =0･6,0.73and0.8 5. In c ontrast,the vユines
ofv - 0-9clieintheshadedregion ofthelowesもbandup
t･o w a/2打C 巴 0･33･ T helines are also insidc 七he photonic
bandga･p a nd in 七he thre epseudo gaps ne a1･ LJ a/2¶･e -
0･5 3
J
O･73
)
a nd O･8
･ Inside the band gap, the ”line of
” - 0･9clies Partially o utside thelightc one.
As w asm entioned
,
when the v ユine lies in a shaded
region, the cha1 ･ged particle excite s a s equ ence ofbulk
dis crete-leveleigen modesin the region. Thus,the 玉E L
andthe Sp aspectr a reveala rapid os cillation ･ Fig･3
show sboth ofthesespectr ainthe eight-ユaye トthick pho-
tonic crystal alo ng the(0,1)directio n, wher e” - 0.5c
and k& - 0 w ere assu med. The distanc ebetwe en the
trajectory ofthe chargedpartiele andthe plane bis e ct-
ing the bou ndary layeris 0.5a. As w a sderived in 上)a_
perI, thetw ospe ctra m ust c oincideifthereis to be no
abs orptionin the photonic crystal･ O wingtothe s mall
im agin ary partin the dielectric function ofsilver, t九e
EEL spe ct･r u mis ne arly equaltothe Sp 氏spe ctru min a
wi defrequencyregionincludingthebandgap. Belo wthe
thre sholdofthe Sp氏 the E ELspe ctm mhas a s equen ce
of v ery sharp Peaks tha.t ap pear when the ”ユineliesin
the shaded･regio nofthelow e stband in blig,1. Sinc ethis
hap p9nS atr atherlo wfrequen ciesl an e8
■
e ctive m edium
ap p1
･
oxim ationisplausibly applied, so that the positions
ofthe sepe aks Ca nbe e stim ated bythe sam e pro cedure
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FI Q･ 3: T he E 古L(solid lin e)a nd S p a(da shed lin e)spe ctra
in the eight-laJye r-thickphoto nic crystalu nder co n sider atio n
(Se ethe caption of Fig.i). T he cha rgedparticletr avels with
v elo city ” - 0･5cJ m aintain ing a, dista n ceof 0.5a fro mthe
pla n ebisectingthebo u ndarylayer. L
･
z
= 0 w as as s um ed.
u sedin Paperl･ Abov ethe SPAthreshold-
?
bothspe ctr a
reve ala rich structtlre･ At ap proxim a,telyLJ a/27' C- O A,
where thein-plane gap opens, the spe ctra ha v eno pro-
no uncedst･ructure･ More over) one canfind a m arked dip
a･tLJ a/27, C =0･61, where aps e udo-gap opens. 且ere,the
deviation of the SP R fro m the EE Lisquitepr on o un ced.
G eneraly) abo v ethe threshold, this devia出on be come s
large athigh frequencies e v enif the vユineisin the shaded
reglOnS･
Thoughthebandgap and theps eudo ga;p c anbeiden-
tified in the EE Landthe Sp 氏spe ctra, their eFe cts can
be cle arly dem onstrated when w edivide the SP Rspe c-
tru mintothetran smi ttedandrene ctedSp 氏spe ctl
･
a wi th
血 ed h
)
with focus on the
.
tran smi tted spe ctru m. The
transmitted andre且e ctedSPR spe ctr a are deBned by
Pe m(LJ,kz)- ∑ (PetLi九(LJ,kE)＋ Periih(LJ,kz) ,(7)
九∈ope n
p
e
t
h
h
(u･kz) -去poe2山 e 榊 ^o[s7h)Q十十(h,ho)e･l2(8)
p
e
rhh(叫 たz)-吉poe2山 e 榊 ^ols7hlQ 十(A,ho)e･l2(9)
7ん
= ご (冒)2 - (kx ･ h)2 - k望, (1 0)
whereQ土土 is the scatte ring m at rix of thefirlite-thickness
photomic crystal, e十 isthe plan e- wa ve c o e6cient ofthe
in cident eva nesce nt w ave accompanied by the charged
particle, a ndLJ/” is dividedintothe m om entu min the
arstfirillouin zone k∬ and a re cipro cal 1attic eh･u(See
P叩 erI 払rdetails).
Fig.4 shows boththe transmi tted and rene cted Sp氏
spectra forthe saErne Structure aSin上
､ig.3. Asillustrated
in Fig.4, the tran smi tted Sp氏 spectru mis alm ost zer o
in the gap andthe pse udo-ga･ps. Howev er, this does not
implytha･t the reaected S p 氏spectru mhas apeakthere,
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FI G1 4: Tr a nsmitted and r e鮎cted S p aspe ctr aof Ulnklapp
shifted cha n n el h- 1 in the eig払1aye トthick pll OtO nic crys-
talu nder sttldy･ T he tra nsmitted(r eAe cted)S p aspe ctr u mis
sho w n above(belo w)the horiz o ntalaxis . T he s a m e･pa ra m e-
te rs asin Figs.1 a nd 2w er e u s ed.
be c aus ethe totalSP Aspectr u mis a com plic ated fun c-
tion of 丘･eque n cy･ In ste ad, the r eae cted SPA spe ctr u m
ha s-no rapid o s cilation in the s egaps･ Ap par e nt･1y) the
the transmitted SPR inten sity de crea s e s a sthe 山しullber
oflayel.Sinc r e a s es owingtolight abs o rptio n, In c ontra st,
the r efle cted S PR spe ctru mc onv erge sto a c ertain func-
tion a sthe n u mbe rincre a s es.
Inb､igs･3 a nd4,thereis anot･herdip atLJ a/27T C =0.67,
which do e snot c orre spondto any ps eudo gapin t hepho-
tonic band stru cture･ In fact, the dip islo c atedinside
the shadedregion in Fig.1. T he dip appe ar s a.t theinter-
s e ction of the shifbed甘 1ine of h= 1 andtheユin e of the
BraggdiGr actionthr eshold(LJ - - Cka ＋2汀/a). T hus,the
dipis s om eho w relatedtothe Rayleigh- Wo odanom aly of
di敢action gratirlg･
4
In theband gap,the ”line s may inters e ctthe dispel
･
-
sio n curve of a su rfac e-lo caliz ed m ode on the interfa c e
betwe enthe photonic crystaland air. T hisisthe c a s efol･
the str uctu r eu nder con sidera;tio n･ As sho w Llin 上､ig･1,
the ”line ofv - 0･9clies outside thelight c onein the
bandgap, s othat.itc an excite as u rfac e-lo caliz ed m ode.
Fig･5 sho ws both the E ELand the total SP Rspectra
in the 32-layer-thickphotonic c rystal, wher ethe charged
particle trav els with v elo city JU - 0.9c. There is a r e-
m arkable peak ofthe E ELspe ctr um a.t LJ a/27T C ニご0.42.
T he pe akis higher than any other pe aks fわu nd in the
shadedl･egion ･ Sinc ethe pe a･kisfound in the in -plane
band gap o utside thelight c one, the pe akis attl･ibuted
to the surfa c e-lo caliz ed m odel By changl ng the v elo c-
ity of the charged particleI W e Can tra ce the dispersion
cu l･V e Ofthe sul･fa c em ode･ The 1･eS ult w a sal1･eadyimple-
m entedin Fig･1･ Withthis analysis, the ele ctron energy
lo ss spe ctl
･
OSC OPyis c apable ofexperim e ntally determin1
1 ngthe disper sion r elation ofthes urfa c e-lo calized m ode.
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FICi･ 5: 丘E La nd S p aBPeCtrain the 32-1aye トthickpho七o nic
crystalalongthe(0,I)dir e ctio n･ T he cha rgedparticle tr av els
with v elo city ” - 0･9cJ m aintaining diBta,ric e0.5a from the
pla n ebise ctingthebo u nda rylaye r.
ⅠⅤ . D IRE C T I V E S M I T臥 P U R C 丑L L
R A D IA T I O N
In the previo u s s e ctions? w estudiedthe e鮎 cts ofpho -
tonic bands on the E ELand SPR･ spectr ain a 触i七e -
thickn es sphotonic c rystal･ T her el the spectra wel･e c om -
pared with the proje cted barld diagr am, which is ob-
t ained 缶om thephotonic bands of the c or re spondingin-
finitelythicksample alongthe stackingdire ction. In the
eight- o r3 2-layer thick s amples, fine structur es of 七he
blEIJ and SP Rspectl･a Canbe cle arly obs er ved･ Ho wever,
as the n u mbe r oflayersincre a s e s, the Bne stru cturesbe-
c om e hidden
･
owing to the n o n一芸erO im aginary part of
the diele ctric function ofsilv er･ As are sult
, no m arked
pe ak of highquality c an be foundin the Sp氏 spe ctr u m
ofthethicks amples, where asthe E E Lspe ctru m stilュha s
the v ery sharp pe ak ofthe s urface-lo calized m ode . In
view ofc oheren七1ight s otlrCe,i七is adva ntage o u sto ha v e
a sharp pe akin the SP Aspe ctrum at a particular fre -
qu e ncy･ Moreover, the SP Ais more us eful whe nhighly
dire ctiv e.
W hen we c o n sider the photonic band structure in
bulk) the w a v e vectors of the matched eigensta加sto the
charged particle are distributed on a su l･fa c ein the 且rst
Bl･illouin zone bec ause the m atching c ondition is giv en
by
LJ - LJ
n(k｡ ,ky,k‡), (ll)
冨- kx (m od･筈), (12)
which generally has atw o- dim ensio n als olution in the
m om entum spa c e･ T he refore, it is difRcuユt to r ealiz e a
dire ctive S p a in athick sarnple･
The abo v edifBculty c an be o v erc om e either by con-
sidel･ing a m onolayer ofsilver o rbyirltrOducing aline ar
defe ctinto t,hephotonic crystal･ In thefor mel･ case) We
can no longer adapt･ the co nc ept ofthe projected band
str uctur ebecau seitassu me sinfinitethickne ss alorlgthe
sta cking dire ction･ Inst･e ad, the band structur e ofthe
qua si-guided m odes with丘nitelifet,ime s m ustbe taken
into ac c ou nt･ The m odeshave atwo･dirnen sional disper-
sio n relationLU - LJn(k｡,kz)in which c onBnem entoflight
in the a-dire ction l
･
em o v esthe k
y dependen cein LJn . In
thelatter cas e
,
thelinear defect c an s up pol･t a W a V eg-
uide m odelocalized init･ The wav eguide m ode alsohas
t･hetw o-dimen sional dispersio n relation ･ As a res ult
)
the
w a ve vectorsof the m atched eigensta;tes in the s e占tr uc-
tu res aredistributedon a cu r veinthearstBl･illo uin z.ne.
Thus
,itis simpleto hav eadire ctive Sp a.
b
l
irst
1
let us c on sider the m onolayer case･ 上
1
ig.6illus-
tr ate sthe photonic bandStr uctureOfthe quasi-guided
m ode sinthelightc one aB W ella sthe true guided m ode s
outside the ユight c on e. Again, w e s et k& = 0 I. r sin _
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FI G･ 6: P hoto nic barLd Str u ctu rein the m o n ol野e r OfSilv er
cylinders･ T he sam epar a m eter s as Fig,1 w er e a ssu med. T he
open(BOlid)circle s ar ethe e ve n(od d) m odes with re spe ct to
the pla n ebiB eCtimgthe m o n olayer) T he thick solid lin erepre-
s entsthebotlnda･ry ofthelightc o n e;thethin 8 01id titl esthe
v lin e of” = 0.8 7c.
plicity･ T he quasi-guided m odesin the丘gul
･
C W ereiden-
tiaed wi ththe m ethodgivenin Ref.5, where as the true
guided m odes w ere obtained by s olvingthese cular equa-
tion deも(S
‾ 1) - o, whe r eS is the s c attering m atrix of
the m onolayer･ Itshould be stres sedthat ifthe shifted
” line hits aquas l-guide m ode at the r point,it如1ds
a dire ctiv eSPA emission n or malto the m onolayer as
long as n oBl･ag gchan nels open, This s c enario ofthe
directive radiatione misionisthe sa me a sthatin dipole
r adiation6
.
where v eryhighdirectivityis a chieved by ex-
citing a qua si-guided m ode at the r point.
To explol
･
ethedirectivity of theSp ainthe m onolayer)
the elastic diEercrltialcro ss se ctionisintroduced
. At a
far-field obser vatio npoint spe ci丘ed by solid angle n -
(C,¢)(se eFig･2), the only plane- wa ve c orhporle ntS that
contributetothe diqere ntialcro s s ectio n 乱もflare.thosewi ththe w ave vector paralle to the s olid angユe･ Thus,
the elastic d 旧erentialcl､OSSS ection ofthe SP Ris giv en
by
dP
布
- cos
2
4sin2叫t(叫kz)J
2
7 (13)
pe m nita zim uth alangle･ Eere】 sinc ethe polar angle of
thepropagatingdirectionis
J
fixedasinEq.(5)intheSp 氏,
the polar angle dependen ce of the di鮎re ntialcro sB S e e_
tion
･
whichisGiven by a Dira c
,
sdelta functio n atC - Ch,
w a sintegrated out･ In 恥(13),tI, whichstandsforthe
plane- wa v e c o eEicient ofthe ele ctricaeldabo vethepho-
tonic cl'yst al;has argum entk& equalto(LJ/c)sinehSini.
1n orderto attain adirectiv eSP Ano rrnaltothe m ono _
layer) Ch m ustbe equalto 9 0
o
･
1 T his c anbe a chiev ed by
imposingLJ/” - A and bytakingLJtObethefl･equencyLUr
ofone of the quasi-guided m ode s atthc r point. Forin-
stanc e, putting” - LJra/27rn(n :integer)yieldsCh - goo
for the chan nel ofA - n in u nits of 27r/a . We should
note
,
ho we v e r
,
at a ty picalv elo city ofthe ele ctl･On us ed
inthe E ELspe ctros cop yin a sc a･n nlngtransmission ele c-
tr o nmicr os cope(v 巴 0.5c), only the chan nel of AI 1
(in umi ts of 27r/a)isfavo r ableforthedir e ctiv eSP A. This
is be c a u seinthe frequ encyregion rele v a nt tothehigher
chan nels of h≧ 2 thephotonicbandstructureis s .dens e
in &equency that w e wiu notbe ableto obt ain the Sp a
of m onotonic 丘･equency･ In the follo wmgdis cussio n w e
thus restricto urs elv esto the channelof hI 1.
As pre s erltedin Fig･6, the qua si-guided m odes ap pe ar
at u a/2'rc - 0･5 44, 0･759, a nd O･87 0- .87 7. Ho we ver
,
thelo w ertw o m ode syieldverybro adpeal(sin the Sp a
1Spe Ctr um1 re且e ctingthat the co rre sponding pe aks of 七he
optical density of state al･C Very bro adin fl･equency. In
c ontrast
,
thelatter thre e m ode s c o mbin ed yielda sharp
pe akin the Sp 氏spe ctrum ･ T husI W e m ay expect a di-
re ctiv eSP Rno rmalto the m onola;yerto takeplac e.
The sc attering cro s s e ction of the SP RatLU a/2打C -
0･8 70
, provided ” - 0･8 70cl is sho wn in Fig.7. In this
c a se, the dire ctivity ofthe SP Ais not s ohighowingto
the rat･her Bat dispersions ofthe relevarlt qua Sトguided
m ode s along kE ･ 仙 rtherm ore) tw o s mallpe aks ofthe
angtlar distribution of the diuerentialcross se cti. n are
observ ed a七¢ 巴 120o a,nd 24 0o in the renected Sp a.
T hey repre s ent thらsim ultane ous ex citation of an.ther
qua si-guided m ode. ln fa ct, w efou ndthat thebandthat
ter mina 佃 the qua si-guided mode ofhノa/2汀 C - 0.75 9at
k
z
- 0interse ctstheline ofLu a/27, C≡: 0.8 70ne artheユight
line Lu- Ck
z
･ The quasi-guide m ode a土the interse ction
isrespon siblefわrthe s mallpeaks･ Therefore,in orderto
obtain directiv eSp氏 usl ng the qua sトguide modes) the
dispersion ofthe qu asi-guided m ode m ustbe opti mized.
Next
,
we c o n sider alin eardefect htrodu ced in the gil_
v-erpho七onic crystalernployed in the previo us se ction .
We 丘rst assu me a miel ayer-thickphotonic crystal1i･e･ I
a sta ckofnin eidenticalm onolayers oft.he cylinders. We
then rem o v ethe fi fthlayer a･1together,le a;vl ngtheline ar
defect paralelto the x 必planeI Which is s andwiched by
fourlayers o n e ach side. T he res ulta,nt E E Land SP R
spectr a l
･e V eala sharp resonarnce at the &equency ofthe
w aveguide m odel T hlS〉 bytrackingthe pe ak 缶equerl Cies
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FI G･ 7: T he a zim uthal a ngle(¢)distributio n of the S p a
in the ln O n Olayer ofthe silv er cylinder s･ The v elo city of
the cha･rged pa rticle a nd the &eqtle n Cy W e retake n to be
” = 0･8 70c a nd u a/2汀C = 0･870,in o rde rto ex cite the qu asi-
guided m ode at the r point. T he dista n c ebetw e e nthe tra_
jecto ry ofthe charged pa rticle a nd the pla n ebis ecting the
m o n olaye ris 0.5a .
as a fu nction of k〇 and k之, W e C an determine the dis-
per sion relatio n of the w a v eguide m odel The dispersion
cur v e obt ainedin this wayis plottedin Fig･1･ More ov e l･,
an ordinarytr ansmission c alc ulation a cro s sthelin e arde_
fe et c an als odeter minethe dispersion c u r vein thelight
cone ･8 we ha v ee xamirled both m ethods, andthe re sults
are wholly consistent･ As se en in Fig･1, the dispersion
cu rv elie s
.
m o stlyinthelight co n e, sothatthe Sp 氏spe c-
trum is str ongly aqected by the w a v eguide m ode.
A w a v eguide m ode
l
ean aユso be utilz ed for dire ctiv e
SP Abe c a u s eitals oha sa tw o-dim en sional dispersion re-
1ation ･ lt shouldbe stres sed here that thein-plane gap
shifts upw ardin 丑･equency withinc r e a singJkzI. The dis-
persion Curv e of the w a v eguide m ode beha v esimilarly,
aswill bese enlater･ Mol･e o v er
,
the rpoint is a minim um
a s afun ctio n of k∬ ･ This yields the dispe rsio n r elation
approxiふated arou nd(k缶 ,kz)- (0,0) wi t,h
LJ - LJo ＋ α増＋pk望 (α,β > o), (14)
LJo being the e唱enfrequency ofthe w a v eguide 皿 Ode at
(k訪,たE) - (0,0). Whe nu a,ndv ar echo s en su chthatLJ ≡
LJo and k〇 - 0〉 kz - 0 is also derived･ Thu s
,
the shi氏ed
” line onlyhitsthe w aveguide m ode at k〇 ≡ kE ≡ 0 a七
this &equency･ T his yields ahighlydire ctiv ee mission of
SP Rto w ard(♂,¢)- (9 0
o
,
O
o
).
A similar dil･e ctive･radia;Lion emission wa sst.udiedin
co n ne ction wi th the anten n ap plic ation. Ten elkur an
et al･, l
･
ePOrtedthatbyintr oducing a pla n a l
l defe ct in a
w o odpile str ucture with a c omplete pbotonic ba ndgap,
highlydire ct･ive dipole r adiationis a.chie v ed wi ththe aid
of thel･eSOnanC e Ofthe plan ardefe ct m ode .9
T he s cattering cros ss e ctio n ofthe SPR atLJa/27TC-
0･351J Which coITeSPOnds to the wa veguide m ode at
(k3 】kE) - (0,0)(the v alue ofthe da sh-dotted c urv e at
kユ ニ O in Fig･1), is sho wn in Fig.8. 且ere, w e as s u med
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FI G･ 8: T he azim uth ala ngle (め)distributio n ｡fthe S p a
in the photo nic crystal with a lin e ardefect･ T he vdocity
ofthe cha rged pa rticle a nd the fr equ e n cy w e retake nto be
v = 0･351c a ndLJ a/27,a - 0･3 5 1,in o rde rto e x citethe w飢′eg-
uide n1 0de at(k= ,kz) - (o,o)･ T he S P R is highly dir e ctiv e,
c ompar ed withthe m o n olayer c as e.
that the cha柑 edparticletra v els wi th velocity ” - 0.351c
inside theユine ar defe ct, ke eping the s ame distan ce from
thelayers that s and wich the defee･t･･ In this c a s e
, only
a w a v eguide m ode wi the v en parity wi t･h r espect to the
tr aje ctory can be ex cited be c aus e ofthe e v en sym me-
t･ry of thein cident evanes c ent w ave a･c c o mpanied by the
chargedparticle･ In addition)the up per and low ertrans一
皿itted SPRs a∫母 identic al･ As depicted in Fig･8) the
azirnuth alangle dist.ribution ofthe cro ss section is e s_
pe cial1y c oncentrated around¢ - Oo (七r anヲmi tted)a nd1 80o (reae cted)I T he high c onc entration lS Caused by
the fact that thereis no m atched bulk eige nstate in-
side the light cone othe rthan the w av eguide m ode at
(k3,k之) - (0,0)･ This c anbe cle arlys
.
母e nin b
l
ig･9･ 1n
tbis 軸 ure the pbotonic band str uctu relS proje cted onto
the the kz a xis provi de ka - o, that is, the r point
ofthe s u rfac e B ri】1o uin z o n e･ Outside the light co n e
the 缶equen cy LJ a/2,, c - 0･3 5
.
1 is matched to the bulk
eigen modes, which c an not c o uple to externalr adiatio n.
Tho ughthese m odes c aus elight absorptionin the pho-
to nic crystal, the emi tted light ofthe SP Ais highlydi-
1'ectiv e at tha,t frequen cy.
Ⅴ
. S U M M A RY
In this paper, w e analyzed ho w photonic bands af-
fe ct the E EL and Sp 氏spe ctra in a tw o- diln e nSional
m etallic pbotonic crystalcompo s ed ofsilver cylinders
uide m ode sin the spectra c an be identi鮎d.
who se plas m aw av ele ngth is compar ab】e wi th the lat-
tic e co nstant･ T he spe ctra are wel一corr ela.ted wi th the
pbotonic band structure ofthe s ample with and with-
out a structural defect･ In particular, photonic band
gaps, pseudo gaps) su rfa c e-1o cali女ed m odes) and w a v貯
E EL
0,8
0.6
く⊃
ヒ
～
盲o･4
0.2
a ndthe Sp 氏m ea51ユrem e nt
でbus
,
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FIGi･ 9: T he photo nicba ndstru ctu re ofthe squ ar ephoto nic
c rystal u nde r?on side ratio n(SeeFig･1 caption)is pr ojected
o ntothe k∬ a xLS･ Pro vided k3 - 0･ T he shadcd･regio n 8 C Or re-
spo ndtothebulkeigeru n odesI Wll er ea Stil ebla nkregion s c o r-
re spo ndtotil e(pse udo)gap8･ Tlethicks olid lin e sthelight
lin e ”- ckE a nd thethin solid lin e standsforthedispersion
rela･tio n ofthe w a v eguide m odelo caliz ed in thelin ea rdefe ct
ofa mising c olu ln n･ T hedotted lin eis ofLJ a/27'C= 0.351.
n l ngtra n smission ele ctron micro s cope pro vide an experi-
m ent alm ethodto determin e suchgaps andm odes. How -
e ver
, possible丘ne structuresin these spectral are hidden
in athick s ample because ofa Ron-zero im agin ary part
inthe diele ctricfunction ofsilv er･ This pl
･
e clude sthe us e
of the SP Ras a coherentlight s ou rc ein regular metal_
ユie photonic c rystals･ We propo s ed tw oroutesto a v oid
this problem ･ Oneis 七o us ethe m onolayer ofthe cylin-
de rs;the otheristo u s e aline ar defe c七in七roduc ed inthe
m et･a11ic photonic c ryst al･ In both ca s e s, w e c an obtain
highlydirective SP Rsbytu ningthefrequency as w ella s
the v elo city of the chal.gedparticle.
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we pr opos etheo r eticaly a m e a n sto send aphoto nto a n opticallyin activ e state at the Tpointofthe Brillo uin zon e ofa photonic crystal･ Itis sho w nthatby u singthelights c atteringofat te n u ated-total- reBe ctio n(A T R) ge o m etry, a c o mbin ed syste m of a photbnic cry8tala nd a prisim p一a cedn ea rby, an optic allyinactiv e m ode at the r point can be ex cited･ The ex cita･tio niB de m onstr atedby calcuhting the A TR sign al for aphoto nic crystalofsphe res a rr ayed in a Squarelattic e) wldchpres ents adistin ctdipdu eto excitatio n of thein a ctiv e m odel To c o nRrm that the e x cited m odeisinde ed the o n e ofthe r point) w e che cked that eqdpa rtitio n ofthe e n ergyofthe e x cited m odeis
established am o ngfo u di鮎 cted pla n e- w av es a ss o ciated withthe fou rsho rtestrec)pro cal-1attic e-v e ctors ofthe e x cited Blo ch w av e.
P A C Sn tJmbers: 4 2.70.Qs
P hotonic crystals(P Cs)ha v ebe en attr acting m uch inl
tere st in re c entyears dueto their potentialtechnological
ap plic atio ns
l
,
2
･ one ofthekeyc onc eptsfわr re alizingsuch
ap plic atio n sis the highQ v alue, or s七1･Ong COnRnem ent
effect
)
of the m odes set upin a PC.
In thebandstru cture ofaP C
, pe c uliar ele ctr o m agn etic
m odesthat areinactiveto exter nalopticalprobe s existat
w av e vectors of highsym metryin the Brillouin zo nc2-8.
W hen the wav e v ectorkis on)say)the ト Ⅹ axisofa cubic
P C
,
each of the photonic-band(P B)m odes at thatkis
ina ctive to an exter nallight ofa pal･ticularpolariz ation
due tothe polarization mism atch･ W henthe w a ve ve ctor
is exa ctly atthe r point(k - 0), howe心er, there are
specialP Bm odes which ar edeco upled c ompletely from
a ny of exter nalplane- w a ve lights.,We call here thes e
specialm odes a sopticallyinactive m odes(OIMs). They
are chara cteriz ed by c omplete c on丘n em en七. More than
bal一 of P Bm ode s aも the r point a regene r aly O工Ms.
They a l･e fr e e&o m radiativ edam pirlg due tole akage of
the mode energie stothe outerfre e space, de spitethefa ct
that they exist inthe radiative l･egion of the LJ-klfSPa Ce,
LU and kJlbeingtheA
･
eque n cy andvave ve ctorc omponent
par allelto the su ぬce ofthe P C
,
r espectively.
W he n aP Bhasan OI Matthe ㍗ point)leakageto the
outer spa c egl
･adual1yin cr e a ses fl･O m Zer o aS the w ave
vectol･ goe sawayfl
･
Om the r point alongthe dispe1
･Sion
cur ve ･ Re c ently, Fan et all examin edthese m odes n e al･
the r point a nd propo sedthe useoftheir huge Q value s
in the design ofnovelphotonic devices8 . T heiride aisto
m ake us e ofa very sm all butAniteleak from a P C
,i.e.,
a we ak optic al a ctivity dueto go odl but not c o mplete,
conAnem e nt･ Inthis pape1
･
,
We focu sonthe OIMs at the
㍗ point ofexactly zer o opticalactivity･ We pl
･
QPO S e a
m e an sto ex cite OIMsby u sing an exte rnalopticalsignal.
Sup pos ea slabofaP Cthat isbou ndedin tllethickn es s
dil･e ctionbytwo su rfac elayel･S･ Fo r simplicity, w ea ssum e
c onstant of the squa1
･
elattic e.
thelattice structureinthelater alpla ne(x -y plane)to be
atwo-dimensio nal(2D)squarelattic e ofpointgroup c4v .
T he 2D Bri11ouin 乞On einthek
∝
-k
y planeisthen de丘n ed
bytheregi?n_
of 一 打/a≦k∬, ky ≦7T/a, d beirlgthelattic ea
We restrictou rselves七o the excita七ion ofPB m ode s of
kJ[ - 0)i･e･) the m odes at the rpoint ofthe2D B rillouin
zone
･ To excitethem by a plane- wa velight) w e m ust use
alight ofnor m aユincidenceby m om entu m c on5 erVation.
The pointgroup ofthe group of w ave ve ctor at the r
point, g(kfJ) with k[I - 0, is C4v, Which has Byeirre_
ducible repres entation s〉 Al, A2) Bl, B2 and E, in the
n otation ofgroup 七heory
9
･ Al) A2, Bl and B2 are One-
dim en sional irreducible l･epres entations, a nd Eis at恥 ･
dim en sionalirreducible repl
･
e se ntation . The m odesthat
belongto one-dim e nsionalirreduciblerepre se ntations are
allopticallyin active3710･ Thus
,
a plane- w avelightfrom
an exter nal50u rC e C弧 eXCite only P Bs ofE r epre s enta -
tion .
Forlater disc ussion
l
let us exa mine this situation in
m or edet aiユ･ When kJl千 OI
o n e-dim ensionalirredlユCible
as(- ∞ < z < ∞)
the electric 点eldofa PB of
1.eP1
'
e Se ntatio nis expre sed
B(rJ卜Z;k‖ - o) - ∑ci
n n)(I)e xp(i h･ r-)
rl n
＋ ∑ ei
2m)(I)exp(ih ･ r‖)＋ - I .(1)
2n n
tiere
) h stands for a2 D recipro cal lattice vectol･
and the symbolIn n r epres e nts the su m ovel･ the h
points o nthe shellne arest- neighbor (np)to the ori-
gin h - o, which c onsists offour points, h(n n) I
(j=1, 0) and (0, 土1)(in u nits of 27T/d). T he su m
o v ert he s e c o nd neare st- neighbor(2nn)shellisthe Bu rn
over 也(2n n) - (土1, 1)and(土1, - 1)I Tle amplitudes
ein n)(a), eL2n n)(I). e上c. are generally rl nile even for I
2outside the P C･ T he functions ein 口)(I)forfourdi斤ere nt
h7s ofthe nn shelltransfor m within themselves by any
opel
:
ation of C4v ･ To seeit,let ustake 9 - C4, a 打/2l･0-
ta七ion about the aaxIS† aS a n e xample ofthe oper ator9
ofthe gro up C4v ･ エn orderforthe Bloch fu nctio nsgiven
by Eq･(i)to be a basis functio n of a on e-dime?sio nalirreduci･ble r epresentation) operating9 0nitis equ walent
to m ultiplying a co n stant C･ T hat is,itholdsthat
9(妄eEn''z'exp(ih･ r”,)- C妄eLn n'(I,exp(i h･:芸,
,
and the s am e relatio nfor the 2nn or highe1･ Shell, wi th
the sa m eC･ For example, h - (1, 0) ≡ hlin Eq. (2),
operation on theleftgo es a s
9(ehl(I)exp(ihl ･ r(J) - (9ehl(I))exp(ihl ･ 9 - 1rI)
- (9ehl(I))exp(i(9hl). r[IX･3)
The ve ctor9ehl(I)is a”/2rotation ofehl(I). Therefore,
血o m 耳q. (2),itshould boldthat
9ehl(a)- Ceh2(a),
where h2 Sta nds for the vector 9hl -
ehl(I) and eh,(a), generally eh(a)for
shell
)
shoul d be related m utu ally
5
.
(4)
(0, 1). でhat is,
all b)s in the n n
If Eq･ (1)had a ter mbelongirlg tO the 0- shellwith a
ve ctor am plitude eo(I),itsho uld s atisfy
9eo(a)- Ceo(I) (5)
wi th the sam e a a su sedin Eq. (2), be c a u s e9O - O.
T herefore
l
by the operation ofg - C4, the dire ction of
eo(I)should bein variant(forC > 0)or reve1･sed(for a <
0)･ T hisis possible either when eo(a)is directedin the z
di1･e Ction or whenitis zero identically. W hen e.(a)- O
(sec ond c as e), the m ode ca,n n otbe excited by alight of
kll
- 0 be c aus ethe mode ba g n oter mto be co n nected
to theinc oming 点eld･ W hen eo(a)is dire ctedin the j=z
di1'ection(Brst c a s e), the mode c an notbe excited eit叫
be c auヲe eo(a)isperpendicularto the polarization ofthe
inc om i ng Plan e- w a v elight ofklI- 0･ In dr opping the
0- shellter min Eq.(1), w e b乱V e Omittedthis irrelev a nt
longitudinalc a se･ T his, the P Bm ode s at klf- 0 of
one-dime nsiond irreducible repre sentation are all OIMs.
Now we turn ourattention to s ending a photon to an
OI M･ We begin by anding anOIM nurnerical1y･ Figure
1(a)shows the calculated reae ctanc e of an s-polarized
plan e- w a velight of ky - 0 . Itis sho w n asa function of
the 血eque ncy ” for a m onolayer of diele ctric sphere sof
ref1'activeindex n - 1.437arr ayedin a2I)squ arelat-
tice(a/a - 0･5, a being the radius of a sphere). T he
valu el･437is thatofpolytetra且uoro ethylene(P T F E)in
the mi llim eter w a v e rgion
l l
･ Thus
,
we a1･e COnSidering a
mi llimeterlight in this paper. We u sed七he ve ctorI( E R
algori thm to obt ain Fig･ 1
3
･
12
･ T he r e sults al･e glV enin
the region0.78 < ” < 0.8for severalvalue sof ks . With
decre asing ka” w e ar e approa.ching the ca.se ofn ol
tm al
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F I G･ 1: ReAectan c e･of かPOla riz ed light(a) a nd D O Softhe
s- a ctiv e m odes(b) as fun ctio n s of n o r m aliz ed fr equ en cy LU
with k芯 kept 点x ed. T hefrequ en cy ” a nd 女ave vectorsk are
expre ss edin units of 27T C/a and 2q/a, respe ctiv ely. He re, c
is the spe ed of light･ Ea ch ofthe spectr ajn (a)is displa c ed
ho rizo ntally fo r clarity･ Tle r e且ecta n c eof k｡ ≡ 0 in (a)is
that, ofnor mal inciden c e.
incidenc e･ W ith de cre a sing k訂, thefrequency ofthe re-
鮎 c七anc epe ak, whi血 provesthe existenc e of a m ode of
a slab PC13
,
in cre a s e swi th bothwidth a nd height of the
pe ak be c om lng Progres siv ely sm al1er･ Finaly, at kx - 0,
we c弧 nO longer obs er v e a ny trace of pe ak in the re-
Be ctaLnC e･ Thisfe ature showsthat the pe ak arise sdu eもo
the e xcitation of an s- a
.
ctive P Bwhen kx ≠ 0 and the
m ode tends to a･n OIMin the extreme limitof k
汚
- 0;
i.e･
,
at the r point
8
･
Figu re 1(b) sho ws the calculated density of state s
(D O S)of P Bs?fthe s ame system ･ T he re sults were ob-
t ained by using the m ethod de scribed in Ref. 13, which
yields D O Sofoptically a ctiv eP Bs. In a c c o 1
･da n c ewith
the rene ctanc e shown in Fig. 1(a), the frequ e n cy of the
DOS pe ak be c om e sgradu aly bigbe r and t he wi dth of
the peak shows arapid nalTOWing a sk刀 ap PrOaChes O･
The na rowing ofpeak width sho w sthat the radiativ e
da mping rate dec r e a s e sto w a rds the r point
8
･ Figtlre 1
thus show s tha七in thelimithx - 0, the m ode be c omes
unable to couple to theincident s- polarized light.
Inthis w ay, w ehave confir medthe e xistence ofan OIM
atthe rpointin the s c an ned 丘
･
equency range. The OIM
(itsfrequen cy w o being 0.7 95 4×(2町C/a)at the ㍗ point)
isidenti丘edto be an A｡ m ode bythe sym metry ofe㌘n)
calculated for h'sin the nn shell. Wefoc us on this m ode
in thefollo wing.
To ex cite this OIM, which has a w a v efu nction of
Eq･(1), w e n eed to usean e x七er nalpl･Obe ha ving a lat-
eralc om ponentkn) whichis equalto arecipl
･O Cal 1attic e
v ectorhin n nor highel
･
Shells. Inthefree spa c e, aninci-
dentplane- wav elight offl･equencyLJ with kl(- h exists
inthefrequen cyregion LJ/c >lhI,forit then ha s arealz
compわn e nt of the wa v eve cto r, equ alto(LJ
2/c2 - [hl
2
)
1/2
We as u me h of theincidentlight to be o ne ofthe v e c-
torsin theinn Shell, i.e. , h - hl - (1, 0). Thu s, fd1
･
U
in the region LJ> 27r C/d, the mode at the r pointis ac_
tual1yc o upledto a n outside plan e- w av elightof klJ - h:
in other words
) P Bm odes ofone-dirnensionall･ePl
･
es enta-
tion attherpointhave a 血itelifetirn einthisfreque ncy
regionl du eto r adiation damplng througll七be di触 a cted
plane- w a v es･ Strictly speaking' therefol･e, true OI Ms of
inanitelifetim e a七the ㍗ pointe xist onlyin the reglOn
” < 27T C/d･ Ifw ec ould som ehow for w ardaph.i.ninthis
frequ ency region to an OIM)i七wouldre main there for_
e ve r(in negle ct ofde c ay cha n n els other than radiation).The abse nce ofr adiativeleakageisl howev erl equiv alent
to the absenc e ofits tim e-re ve rsalcou nterpal
･t
?
i･e
･) the
abse nce ofa･n exter nalexcitatio npl
･
Obe that couplesto
this OI M･ Letus nexもdis cuss a m e ans to send aphoton
to this m ode.
In the A'equ ency region 0 < ” < 27T C/a, the in cident
light of kfl - h(n n)is evancsce nt･ In this c a s e
, w c c an
us eatten uatedtotalre8ection(A T R)geo metryfor O ur
Pul
'
POS e･ a SShow rlin Fig･ 2･ Figul
･e3(a)shows theband
structure alongthe r- X axis n e arthe r point obtained
by plotting the pe ak positions ofD OS(including th. s e
show nin Fig･ 1(b))･ We present the bandstru cture near
the ㍗ pointwiththepointk浴 - 27T/ataken at the ce nter
of the horizontalaxIS
I
m aking us e of the periodicity of
the bandstructure withl･e spect to ks ･ Thethree straightline sshow thedispersio n relations ofthe e van e sc entlight
that a r e obtained when thetotalreaection o c cu 1･sin the
Prism ofrefractiveindex np ･ Inside the pl
lismI LJa ndk訂
are･ related by
k
w
-冨np sinOp, (6)
whel'e 8pisthe angle ofpla ne- wa v elight at the exitsu l･ _
face ofthe pl
･ism; a s sho wnin Fig･ 21 For simplicity)
w e七1･e ata prism withsemi-innnitethickne s to eli min ate
unes s ential Fabry-Perot type os cillations . Forthe c as eof
n
p
- 2
I
the c a se we studyin whatfollow s
)
total1･ene c-
tion oc cu l･SforOp > 30･O
o
･
whel･eit is an e vanes c entlight
ofk打 - 27,/athat c omesinto the PC. We c .nsider the
c a s e ofvarying ” with fixedepin the A T Rge om etry. To
obser v ean OIMpre s entat the r point with afreque
･
n cy
uo, itis ne c e ss a ry to adjust Op s othat the evan e sc ent
lighthask缶 - 2q/djust at ” - uo ･ Ftor nEq. (6), this
matchingis.
realized when Cp - 39･O
o
･ In Fig. 3(a), three
dispersion cur ves ofev anesc e ntlightforep - 3 9･O
o
,
40.Oo
a nd42.Oo are show n.
T he A T Rspe ctru m7 the ” dependen ce ofthe .squared
a mplitude ofthe totallyre鮎 c七ed lightinsidetheprism,
is c alculatedbytal(in雷into a c o un七the m ultiple scatterr
ing betw een the P Candthe prisln
14
. Ifthe eva n es c ent
lightfrom the prism e xcitesa m odein the P C
)
the AT R
spectr u mhas adip be ca us eー
a Part Ofthe en e rg yofthe
incidentlight escape sto the excited P B. T hus
, o nce the
OIMofthe ∫ point isindeed excitedl the spe ctru m ob-
t ainedwithC
p
- 39･O
o ha s adip･ Photonic mode s.e xcited
by pl
･
obe s othe rthan that of Cp - 3 9･O
D ha v e a丘nite kx
value andca nbe exd ted bytheincidentlightasa usual
le aky m ode .
FICl･ 2: A TR geo m etry c ompo s ed ofa prism a nd a slabpho -
tonic crystal･ Soh dand dotted arr o ws sho wthe dire ctio n of
the Ao w 8 0fa pla n e- w a v ea nd ev an es cent w a v e
l
re spectiv ely.
The r e&a ctiv einde x ofthe prj8 mis np) andthe 8PaCingbe-
tw e e nthepris m a ndthe photo nic crystal isa.
0.8
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0.78
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FICi1 3: Ba nd diagr a m ar o und k” - 27T/a(a)and A T Rspe c_
もr a(spe mir renectan c e)(b)･ T he thre estraightlin esin(a)
sho wthedispersio nrelatio n s ofthe ev a n e s ce n七 w avesforthr ee
C
p with np I 2･0･ Pa n el(b)Sho w sATR 8Pe Ctr a ｡fthethre e
C
p
of(a)fora - a/2(8eS Fig･ 2)I Fo r cla rity, the spe ct,a ar e
曲 ethoriz o ntal lybyO･1 fto m o n e a n o地 e r･ To emphasiz ethe
valu eo･25ofthe re且ech nc edip) the v ertical 1in eis give nby
a thin s olid lin e.
Figul
.
e3(b)sho ws A T Rspe ctra(spe cularr 曲 ctance)
oftheinciden七1ight of kll- hl ≡ (1, 0)for the three
value s ofep exa min edin Fig. 3(a). It shows that the
e vanesce ntlightin cident withGp - 3 910
o(s olid line)in-
de edexcitesthe OIM･ T hebreadthofthedipis a m e as u l･e
ofthelifetime of the ex cited OIM
)
whichis no w cau sed
byits co upling with the plane- w a v elightsin the prism
1'egion ･ The signal due tothe OIMjust at Op - 39･O
o
is
s een to be the m o st prominent in the AT Rsignal. The
othel･ two Ane structure sforOp - 4 0･O
o
and 42.Oo are
sm aller
)irnplying that the coupling betwe enthe evanes-
10
0
q
4)
召 10･l
札)
i
4
r
<
E 10
-2
(J
･g lO･3
10
･4
IllWave - ,h21h4WaVe
･ ･ ･ ･ ･ ･ ･ ･ ･
･
- h3Wa v e
I - I
0.4
0.2
0.7 9 5
0.7 S 0.7名5 0.79 0.7 9 5 0,a
a)
FI O･ 4:Inten sitie s of fo tlrdi 飴a ctedplan e- w 瓦V eSin thepris m.
T hefo u rh points ofthe n n sllellar ehl - (1, 0), h2 - (0, 1),
h3 - ト1, 0) and h4 ≡ (0, - 1). T heintensity ofthe hl W av e
is the A TR signalsho w nin Fig. 3(b). In･the m agrd Aedpan el
ofthein s et
,
thehoriz ontal 1in eis giv e n at theinte n sity0,25.
centlight and ale aky m odeis relatively sm all.
We c anthus catch OI Ms a,t the rpointby A I Rge om -
etry･ T his resultc an 点ndthefollowing ap plic atiorl;ifw e
switch o庁the A T Rc ouplingbyso me me ansim m ediately
after fo 1
.
W a rding a photo nto the OIM,itstays therefor
along time ･ In an ideal c ase, we c an thereby us e aPC
a s a･ ter npol
'
ary c ont ainer ofphotons.
The fa ct that the minim um value of the A T R dip at
exa ctre so n a nc e(Op = 3 9･Oo)is 0.2 5in Fig. 3(b)is not
a c cidental･ As show nin Eq･ (1), th.
e OI Mco nsists of
fourpla ne- wav es of hin the n nshell, who s e amplitude s
eビn)(I)are of equalm agnitudesby sym H!etry･ Excita-
tion ofthe Blo ch state of Eq･ (1)is equ va･1ent to the
exeitation ofthes efわurplane- w a ve sin the nnshellwith
equalam plitude s. T heythen giv eris etofou revanes c ent
lightsin the region betw ee nthe P Candpnsm, whichare
nnal1y c on v e rted into plarle- W av esin the prism region.
Reflecting
,
theide nticalm agnitudeslein n)Jforfourh,s,
the se plane - waves should have equ al inte nsitie s. Their
intensitiesin the prism a re plottedin Fig. 4. T heins et
show sthat theintensity ofeach ofthefou rpュa.n e- w aves
isindeedO125 at.LJ'- LJo ･ T husl thelightofu nit inte n sity
in cident at0 - 3 9.Oo is equ lPartitio ned byfourdi丘
■
ra cted
plane- w a ve lights of hl, h2, h3 alld h4, aSis e xplicit in
the wave for m aもthe㍗ pointgiven by Eq. (1). Interest-
ingly, the value O･25 is guaranteed by the equipartition,
how e verlal･ge the distan c e m aybe betw e en the P Cand
prisrl･ Narnely, a sthe distanc eb become slarger andthe
pris m
- PC c oupling gets s maller, the signalpro丘1es ofthe
OI Mexcitation beco m e sharper re8e ctingthein cre a s e of
the indu ced lifetim e of the OIMbutthe dip and pe ak
valuesr e m ain fixed at the value 0.25.
Fina11y, the s caling property of M axw el1
7
s equ ations
show sthat the pre sentres ults m a,y be ap pliedto P Cs of
arbitrarylattic e c onstant. Also, the use.ofa m o nolayer
P Csuch a,s that ex amin edin this paperis notess ential.
Resultsfor stacked P Cs c an be e a sily obtained by u sing
thelaye rdoubling method
s
,
which produc e s essentially
the s am e re sults ex cept for qu antita ivedetails.
In su m mary, w e ha,v e sho wn that opticallyina ctive
mode sap pe aring at the r point oftheBrillo uin 乞OneCan
be dete ctableby using a plane-polarizedin cidentlightbf
obliqueincidenc ein the A T Rgeom etry.
This work w a sfinarl Cialysup po rtedby a Grant-in- Aid
fl.O m the Ministry ofEdu c atio n, Spo rts a nd Cultul
･
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T his p千perPr es ents the fo rm ula for the den sity ofstates(D os)ofphoto nicba nds(P Bs)in the
le aky regl O n Ofthe pha se spa ce of a slab-ty pe photo nic crystal･ Itis e xpre ssed bythe eige nphas e
shifts ofthe s c attering m atrix deRn ed in ter m s ofthe c o mplex tr a n smissio n a ndre鮎ctio n amplitudcs
ofplan e- w a ve e xter nal in cide ntlight･ T he deriv atio nisgiv enforthe gen e ra.1c ase whe re a ntl mber
of difFr a ctedplan e- w a v elights a r eprodu c ed bythe incide ntlights. T he D O Spr orl e calc 血 ted a s
a,fu n ctio n of frequ en cy a･nd w a v ev ecto r en able s u sto obtain the dispe rsio n r elatio n a Tld lifetirne of
le aky P Bs･ T he u s efuln e s s ofthederiv ed for mulaisde m o n Btr aもed by ap plyingit tothe P B8tru Ctnごe
of diele ctric spher esl arrayedpe riodicallyto for m aphotonic c rystalof Anite thickn es s.
P AD Sm mbe r s: 4 2
.70.Qs
Ⅰ. I N T R O D UC T I O N
P hotonic crystals(P Cs)are usually pra ctic ally ap plied
by preparing a system o‖inite thicknes s･ W hen a pho-
tonic band(P B)m odeisleaky,i.e . whenits m om entum
ad d frequency lie wi thin thelight cone in phas e spa ce
(k, ”), its Rnite lifetirnedecisively inauenc e sthe capa-
bility of that m odein technologic al ap plic atio ns. Due
to the la ck of translationalsym metryin aPC of丘nite
thicknes s) the tre atm e nt ofthe lifetim e c aused by the
le aka･ge of P Bm odes 払ro ughthe P Cs urfaces is not
at al1str aightfor w ard. Thisis in clear c o ntrast to an
ideal P Cofin丘nite size
,
where w e c anfor m ulate a band-
stru ctu re calculation a s astandard eigenv alue proble m
ofrealeigenvalue s･
1In c alculatingthelifetirne ofaleaky
P Bm ode
) .
we m ust take ac co u ntof its c oupling withthe
plane -砧ave states of the exterior regio n ofa PC,2,3 whicll
by de点nition ha v e a c ontin uous spectr u mofthe density
of states(D O S). For ele ctron s, the finite lifetim e of an
electronic statere sultingfrom its c oupling wi ththe other
state s ofa continuous spe ctr u mhasbee ngiven m uch at-
tentioninthe physic s ofm etal】 givingus som einteresting
topics, su ch as the Iくondo e庁ect and he a vy fer mionsin
Rondolattic es.4 Althoughthe ba sic mixing mechanis m s
of electrons and pbotons are co nceptu ally very similar,
o n eimporta nt pointin the pbotonic pr oblem in P Csis
the ne edto obtain thelifetim ealld dispersion relation of
P Bs with a･ precision highe noughtobeintegrated into a
device design .
The purpo s e of the prese nt papel
･ is to present a
method ofcalculatingthe D O Sofleaky p ヨs ofslabP Cs,
fro m whichthe dispersion and lifetim e ofP Bs are both
obt ained pre cis ely. The methodis ba s ed on the calcu-
lation ofa･ s catte ring m atrix(∫ m at血)ぬr a set ofex-
ter n al lightsincide nt sim ultaJleOuSly on the sla,b P C. We
diago nalizethe S matrixto obtainthe eigenphas eshifts,
which dete rmin ethe phase change s oftheincidentlight
pasingthro ughor reEectingba.ck f1･om the syste m. Co n-
c eptualy) the scattel
･
ing phaseshiftofan exte rnalprobe
relativ etoitsfre e-spa c epropagationis a standardquan-
tity u s edto exa mine ata,rget bla ck box(for example,the
Fl･iedelsu m ru1e for the s cr een l ng Ofanimpurity poten-
tialbyelectron clouds). Thefo1･m ula ofthe D OS of P B
del･iv ed inthispaperis expre ss ed bythe&equencyderiv a-
tive of the s u m of the cigenpha se shifts. T he deriv ation
ofthe DOSformulais giv enfor a generalc a s e, where an
a rbitrary n u mber of diq1
･a Cted lights e merge simultaJne-
o u slyfrom a P Cslab･ Such a ge neraltreatm ent
■
isim -
po rtantbe c a･u s ethe pres enc e ofdiHra c七io nchara cterizes
thelightsc attering血om P Cs. Althoughthe m ethodp1･0-
po s ed hereto derivethe D O SofP Bsis ap plic able onlyto
thele aky modes,its u s efulnes sis obvibusinthepra ctical
ap plications of P Cs; any PB mode to be ex cited by an
exte rnal1ight or to be us ed as asou rc e of emitted light
should be regarded a sle akyin the s ens ethat it is u sed
thro ughthe c ouplingtothe exteriorfre e spa c e. Som e ex-
ample s arelight transmission a ndrenectionin slab PCs,6
extra ction ofla s erlight throughP Csurfac e s,7 andSmi th-
Purc el radiatio n血orn､a charge traveling pal
･
al1elto P C
su血 ce s･8
- 10T he e氏ciency of these phenom ena depe nds
cri tically o nthelifetim e oftheleaky P Bs in volved. In
other w ords
, preciseestim ation oftheirlifetim eis a cr u-
cialtaskin thephysicalandte chnologicalapplications of
P Bs.
In See. 2
,
w ede鮎 e the S m atrix of a slab P Cand
derive tJhe eigen valu e equatio nforthe P Bm ode ss et up
in it
,
taking into acou nt theirle akage . The for m ula
is obt ainedin See . 3fol･ theinc rement of D O S due to
the pre sen ce ofa slab P Cr elativ eto that of fre e spa c e
by c ou nting the n u mber of solutions of the elgenValue
equation･ An ap plicatio n ofthe derived fol
･
m ula is given
in Sec･ 4for an u mber ofslaJb P C?ofarrayedsphere s. We
illustl･ate therehow to calc ulate the dispersion relation
and lifetim eof leal(y PI∋sfrom the D O Spl
･
ORle . A bl･ief
Su m m a rylS glVe nin See . 5.
II･ S C) A T T ER I N G M A T RI X A N D I T S
且I G 宜N V A L U 丑S
A
･ Definitio n ofs c a七te rin g cha n n els
We c onsider a slab P Cexte ndingin the x) y direction
withthe orlgln Ofc oordinatesど ≡ o taken at its c enter.
T he periodicity of the slabis a ss um ed to be perfe ct in
thelaもeralplane - ∞ < a) y < ∞ ･ we use a symbol h
to de note atw odilTlen Sional(2D)recipro c allattice(RL)
pointin the xy plane ･ T he ve ctorh spe cinesa di飴 a cted
wa ve? reaected or tran s mitted
･ Let LJbe the frequel-Cy
and kthe wave ve ctor ofa nin cident plane -w a v elight.
We m ake explici七the dire ction ofpr opagation ofalight
by asslgnlng a SuperS Cript 土 to v arious quantities1 十 to
the qua ntities as so ciated with the w av espropagatingto
the ＋z side of the slab fro m the - I side･ Fo r ex ample)
theincidenlightof k＋(k
-
)standsfor tilelightwhichis
incident on the slabtowardsthe ＋z トz)side,i.e., the
lightcoming to the slab P C fr o mbelo w(above)･ Letkllbethe c omponentofthe w ave v ectorofk paralle to the
xy plane.
k)I- (kT ,ky) (1)
The tr anslationalinv arianc ein thelateralplane show s
thatallthe nol･m alm ode s(actuallythey m aybclifetime -
bro adened) of this
,
system ar e spe ci丘ed by the lateral
Wa,Ve- V e ctor C OmPOnentS.
Ftornthe dispersion relation oflight in fre e spa c e)
k土 - (ku, 土ro)- (k芯,ky,j=ro)
ro -
with
(2)
LJ
2/c
'} - k5･ (3)
In the sa me way, the wa v e v e cto rkEof diffr a cted light
in the regio noutsidetheP Cis de且nedto be .
kE- (k‖十h, 土rh) (4)
with
rh = rh(w)= w2/c2 - (k川十h)2. (5)
Onlyin the c a se where
u > clk川十hl, (6)
h di取 actedlightc omes outofthePC a splarle- W av elight,
which is obsellVable at anobservation pointfarfrom the
p C･ If Eq･(6)does notbold, the 也- w a ve is e v ane scent
with aptlreim aginaryrh . We callthe chan nel hofl･e al
rh an OPe n Chan nel and hofim agin ary rhaS aClos ed
chan n el･ For afiⅩedLJ
,
e a ch h de触 es on edi取 action
Tlights
kLl
k
(
3
/?
k172
〟
kh5 kh
-
4
k;I
lik.T2
Rlights
FI O
1 1: T a nd R lights, both N in n u mber,pr odu c ed by a n
in cident kEI hght.
chan n el･ Allthe chan nels other than tho s ewi tll S maller
fhfare clos ed･ The n u mbel･ Ofope nchan nels at a given
” equals the n u mbel･ Ofh7sthatsatis&Eq.(6).
Let TIE Sup po s ethat w e are in the frequ ency regiorl
wherethere a r eN diqra ction chan nels open(oneisthe
chan n el h - 0)･ T he incidentlight k＋ c oming from
below the slabthengivesriseto N tT a･nSmitted lights(T
lights)on the ＋z side and NreAe cted lights(R lights)
on the - I side . Let
kEl, kh',, - ･ , k;”,
bethe wave V e ctors Of the Tlights a･nd
(7)
kh
-
l
･ kh
-
2
,
･ ･ ･
,
kh
-
” , (8)
be tho s e ofthe R lights･ Lethl Stand for the channel
h - o, whicllis ope n fo ranyLJ.
Sup pos ein an ope n chan nel h
/
w e have allincident
lighも of wa v e v e ctor kE,, whichpropagate sto wards the
slab from below ･ T his wa v e
,
to o
,
isdiHra ctedto p1
･dduc e
ゴー and R lights, each cor npos ed of Nw a ves, a sshow nin
Fig1 1･ Iftheincidentlighthasthefol･m
ah
'
,e
ikE, ･ r (9)
wi th a spe cifiedJc omple丈 v ector am plitude aE,, it pro-
duc esthe T(R)lights ofwave ve ctorkh
＋(kh
-
), Whichare
express ed by
TEh＋,ah＋, eXP(ikE. r),
Rh
-
htah
＋
, eXP(ikh
-
･ r). (10)
T he 3 × 3 tens or Th
＋
h
＋
, Oftra nsmis sion des cribe s the
c omplex a mplitude of the h-w a v ein the pro c e s s of the
up-pr opagating k;, light beillg COI N e l･ted to the up-
pr opagating kごw a･v e･ T he tensor Rl;ht Stal-ds for the
Iヾ
'
l
.
ル
‥
. ./7†≠‥
FIG･ 2: Sim ultane ou月in ciden ce of N lightsin the open cha n-
nelsfro m abo v e a nd belo w thephoto nic crystal.
pr oc e s s of a kh
＋
, Wave beingrefle cted ba ckas akh
-
w av ed
T he elem e ntxy of, e ･g･, the tens or TEh＋,,
(Th'h',)sy
is equalto the c omple x aJmPlitude ofthe x c omponentof
thek吉1ight, produc ed by ay- polarizedk吉′light, whichis
incidenton the PC withu nitam plitude. Fo r a nincident
a mplitude aE,, the I c ompo n ent ofthe 1･ 姐ected light
with wa･ve ve ctor kh
-
is giv en by
(Rh
-
h
'
JaE,)a - ∑ (Rh
-
h
'
,)缶i(aE/)i･ (ll)
i= ロ
,y,･2:
We willn owc on siderthe situatio n of thesim ultaneous
in cidenc e ofthe N plan e- w a v es. Let
k亡1, kE,, ･ ･ ･ , kh＋N
a nd
kh
-
1
)
kh
-
2
,
･
- I kh
-
”
be the wave v ectors ofthe incident lights from below
and abovethe P C. This situationis show nin Fig. 2.
Thisinciden ce conditionstillgiv e sT and R lights, e ach
c om posed of JV plane- wav e s. After the s c atteringbythe
P Cof al1theseincide ntlights, the amplitude ofthe k亡
wa v ethatappears o nthe ＋z side ofthe PChasthefor m
∑(Tlh＋,aE, ･ R㍍ah- ,), (1 2)
hJ
where the su m m ation over h/ r u n s over open cha nn els･
B . Flu x c on s e rv atio n a nd Sm atrix
Here
,
we ex aminethe cons er vation ofthe energ y月.owin
thesc attering ev e ntdescribedabove . Wee n closethe slab
PC inalarge box 'q sho wn in Fig･ 3･ The I component
ofthe Poynting vector ofthe k吉w ave,i.e . the outnow
ofenerg ytQWards the ＋z direction throughthe su rfa ce
of the boxin the ＋z side,is
c(割箸
tim esthe absolute square of the ele ctric丘eld;the qtlan-
tityin the paren thc sbeing the dire ctiona.1cosine ofthe
outgoing w ave v e ctorkEwiththe I axis. 1fw e consider
the 且u x c ons erv ation for the Poynting ve ctor averaged
over o ne unitcellof the2D lattic e ofalateralplane,the
interfcl'ence ter m sbetw e en diEer ent h7s disap pe ar a nd
the su m ofthe energyRows of al1 the open 血 an nelspro-
videsthetotalo utBow ipthe ＋z direction. Similarly, we
c an expre ssthe ou組ow in the - I dire ction below the
PC. The su m ofthe tw othen giv es
･pz･ - p;]o u - -昔話rhIs(Th･h･,aE, ･ REh- ,ah- ,l
2
･号;;rhf妄(Rh- h･JaEJ ･kh7a訂)F (13)
Here P
z
＋ and P{ are the I c o mpon e nts ofthe Poynting ln expresingthe Bu xcon ser v ation
v e cto r s ofthe ＋ w a v e s and - w ave s･ Thisquantity equals
the en erg yin鮎 w oftheincidentlights, wbicb hasthe
fTor m
[pz･ - pz
-
]in｡o w -箸言∑(rh,1aE,l2 ' rh,･bh- ,l2)
hl
in tll eSim ultaneo usincidenc e.
[pz＋ - p{]inE. w -【pz＋ - j'z1. ㈹ ow , (15)
(1 4) whichsho uld holdfor arbitl
･
allyincide ntamplitude s(a:/)
a nd(ah
-
,), Weintroduc ethe m atrix notation . First, 3Nx
FI C･ 3: A bo x s u rr o undingthe slab P Cto c o n siderthe 触 Ⅹ
c o n se rv atio nbetwe en thein c oming a nd o tltgOinglights.
3N matrice sT ＋＋ are deBned by
T＋＋ ≡ 茸
TEN＋h1
酢簸
Th
＋
N
＋
h
,
TEN＋h3
in terms ofa 3 × 3 tensor T;1＋h,
簸
Th
＋
N
＋
h”
introduc edin
M atrices T
- -
a nd R十 ar e similarly de血 ed
;eXs呂;
1
:g;nh
-
i?2maa:rdixRrh
＋
1
-
d
h
gLneBsob7y
W eintroduce
r =
rh1
0
0
0
0 0
rh2 0
0 rhs
0
0
0
0 0 ･
･
･ rhN
where the 3 x 3 matrix Fh
n
lS
rhれ -蔓(
r
:
:-
y
O
rhn
O
(16)
E?･(10)･
usi ng the
the 3Ⅳ ×
- rhれ6hn h m , (1 7)
r萱れ)･ (18)
Usingfourblock Tn atric e s) T＋＋, etc ･ , aTld r, we intro -
〈 〈
dnce thefわllowing6Ⅳ × 6Ⅳ m atric esS′ and r′
宮′ -(芸:賢二) (19'
and
戸′ -(吉呈)･ (20)
T hey are both6N x 6N m atl･ic es be c ause one RLpoillt
h hastwo chan nels(h＋)and(A -)a nd each ofthe tw o
chaT111els has thre edegree s of fl
･
e edom .
a 5
T heauxc on s er vationEq･(115)isthen expl･e S edsimply
[g,]
f
f/i/ - i/
, (21)
wherethedag ger standsfortil ehel･ mitian c onjugate. Fi-
〈
n ally) w e de点ne m atrix S by
i -[f/]
%
g/[f,]
‾与
(22)
An explicitfor m ofthe(h十, h
/
-)block of宮is
[g]h
＋
hT- rhi[R ･1hh,rh′
一書 (23)
The(h - ,h
/
＋),(h十, h′十), and(h - , hJ -)blocks ofthe
S m atrix are giv en by repla ci ng R＋
-
of this equ ation
by 良
- 十
,. T十十, a nd T
-
-
,
re spe ctiv ely, a ccording to もbe〈
de丘nition of S′[Eq･(19)].
The 且u x c on s e r v ation expres s ed by Eq. (2 1)is n ow
rew 1'ittellc ompa ctly a s
針宮 - Ⅰ･ (24)
〈
The m atrix sis thusa 6N x 6N unita･ry m atl･ix. T here･
fore
, ithas 6N eigen valnes of the for m e2i紳) (3
･
=
1
,
2
,
- ･
,
6N)witha realphase 6(3
'
)
. The m atrix elem ent
of β,
Sh′十 小 一 yI
for example,is a c omplex sc atteringar nplitudeinthepro-
c e ss of thein cide nt lightofu nita mplitude of(h, - ,y)[a
Fcp
oia謁,1…g.h,txi)nlitghhet.(hw
-
e
)
c
c
a?1a6n(?,eline霊:
i
e
n
n
g
,1
0
1
u:eOsfh
t
iTt?
Fo rN - 1,i･e ･ when only a dire cttr ans mi ttedlight a nd
a spe cularly r e鮎cted light of h- 0 are produ c edby an
incidentlight, w eha ve six elgenPhas eshifts . We sho uld
ha ve fo ur eigenpha s eshifts in ste ad of six, be c ause w e
a redeal ing with the sc attering of thein cident tr a n s v e r s e
w a ve sthat giv eris eto tra n s v e r s e outg ing w a ves after
the sc attering ･
11T hisimplie sthat out ofsix eigellPha s e
shfts
,
tw o a r eme an l ngless･ Inthe gen eralcase of Nopen
chan nels
,
having 6N eigelPhas e shiftsfro m a 6N x 6N
mat rix S
1
2N o ut of 6N eigenpha s e shifts al･e me a･ning-
1e ss;they ap pe ar due to thelongitudinal c o rrlpOnent Of
polal
･iz ation.
Suchirrelev ant eigenpha se shifts had betterbe elimi-
n ated from a practicalpoint of vie w･ For this purpo se,
thelocalcoordinate systems de血 edin referenc eto e ach
ofthe open chan nels arec on v e nient. Fo r a w av e ofchan-
n el(h＋)or(h -), w edefine the right-handed system
(123)usillgthe thre e ol･thon orr nalv ectors
(eh士(1), eh士(2), eh土(3) , (25)
eh
＋(1)alld eご(2)being perpendicularto kご and eh'(3)
being pa･ral1elto it･ T hus, co mponent 3stands fol･ the
1ongitudinalpolariza･tion of kご1ight andaxis2 is alw a.ys
takentobein thelateraユpla ne,irrespective of b. 払rthe
(12 3)cool･dinates ofthe(h -)cha n nel, w echoo s ethree
ol'thon ol. m alve ctol･S eh
-
(i)(i - 1, 2, 3)to be the mirl･O r
im age s ofeh
＋(i)I Notethat the(123)system differsfrom
o ne chan nelto anotl-er･ In tllis sens e, we callthe(1 23)
system alo c aJIc o ordinate system .
We may then re w l
･ite the S m atrix using the 1 and
2 c ompon e nts ofeach chahnel in pla ce ofx, y, I compo-
nents･ T he a ctualp1
･
OCedureisgive nin Ap pendix A. This
pr o c edure rem o v esallthelongitudinalc omponents- a nd
w e a r elftwith a 2×2 m atrix
,
which is denoted as今Ih＋,,
etc - t3y ar ra nglng 曾h
＋
h
＋
,, 良th
-
,, eta., a C COl
･ding to the
cha n nellabels
,
w e m ay co nstru cも a 4N x 4N S m atrix.
Let usdenote the m atrix thus obta血 ed a sS
s -(訂ニi-
＋
二), (26'
5
wherei＋＋ areblock m atricesformedbythe array of
2 × 2 m atrix今h＋h＋, . Her eafter, w e callS the S rnatl･ix .
W hen S opera,tea on a4N -dimensio nal c olu m n vec-
to rco mposed oftheincide nt amplitude s ofopen chan-
nels(expl･e SS edin thelocal coordinates), Eq.(12)sho w s
that the res ult is the transmi tted and l･e8ected ampli-
tude sproduced by the sim ulta ne ou sincidencein allthe
open chan nels･ T he eigen values ofS ar e obtained bythe
equation
sv(i) - A(3
1
)Ⅴ(3
'
)
I
with
入(3
'
) - e2i6
( n
l
for3
'
- 1
,
2
,
. . .
,
4N
. 馳plicitly, the
(27)
(28)
elgen Ve CtOr V
(3
1
)
)
a
4N-dim ensionalc oltl m n Vector
,
ha s
r
thefor m
(v(ゴ')
t
-(敬(1), vL3:.(2), ･ - 7 胤(1)碓 ＋(2)･ 軌(1), vi3'- (2), - , 敬(1), 敬(2) I (2 9)
Thefor m ofthe t1･anSPOS ed vectorofv(3
.
)hasbe en given
wi th(1)and(2)speci桝 ngtw otr ans verseco mpon e nts of
ea ch chan n el. Note that S and hence 入(3
'
) a nd v(3
.
) all
dependo nklLI For simplicity7 We u S ethe symbols Sl 入
(3
'
)
a nd v(i) witho ut adding the sufBx klltO indic ate the k”
dependenc e.
T he purpo s eofintroducing6(3
'
)forthe eigen value ス(3
'
)
in Eqs･ (27) and(2 8)is to e xpre ssthe fl･equen Ci?s of
norm al- m ode sa nd henc etheir D OS by using the elge n-
pha se shifts. To p1
･
O Cedfurthel･, W e as su me the mirror
sym ne七ry withrespe c七to the ay plane. Mo st arti 触a11y
fabricated PCsbelo ngto this category.
W hen the xy plarleis a mi tror plan e(forthe c ase of
no mirror sym metry,seethe com m e nta.i the end ofthis
sectio n), w e c an clas sify the m odesby their paritie s of
this mirror r enection . Since Sc om m uもeswi ththis mirr or
operation, wehave ev en - a ndodd-pari ty modes with the
property ofthe eigen ve ctor given by
vi3;).(1) - vi3:)_(1), 敬(2)- vL3;)_(2), (I- 1 - N), fore v en- parity m odes,
vi3;).(1) ニ ー vi3:し(1), vi3,
I
)
.(2) - - vi3,
'
)
_ (2), (l - 1 - N) for od d- pari ty m odes.
Let us a ssign the index i = 1, 2, ･ ･ ･ ,2N to the even-
parity m ode s andj - 2N ＋ 1, 2N ＋ 2, ･ ･ ･ ,4N to the
odd-parity m odes. Fro m now o n, w e sh all fo cus o nthe
even- parity m odes.
Equations(2 7)a nd(28)im ply thefわllowing. Welet
the w av e
vt3leikh
-
I.
I
-(港沖kh
-
･
l
･
(30)
pr opagatetotheP C from aboveinthe chan n el(h -)and
another wave
vL3leikE･p -(朗)eik亡･r (32)
propagate 丘
.
om belowin the chan nel(h十)【see Eq.(29)
forthede丘nition ofvL3la ndv巴]. sup pos ethey are s ent
to the P Csim ult弧 eOuSly withthe w ave s of the other
channels, speciaed, similarly by the 3
'
th eigenv e ctor, a s
sho wnin Fig･ 2･ Sinc etheir amplitude s are s etsothat as
(31) 芸Tv
l
:
otef7三Ll;yc
C
h
O
a
n
n
S
n
t諾uetxeittshet13
'
e
th
p
e
bg
e
a
n
ft
V
e
e
I?
t
h
O
:v7I;
3
:aocfqStiifle13
only a c om mon phas e change26(3
'
)
･ Thus
)
for statio nary
W ave propagatio n, the electric 丘eld ofa chan n el habo v e
the slabtur ns o ut tobe
vL3leikh
-
･r
＋ e
2i3'3
'
'
vf3leikE･r - ei6'3
'
'
vi3lei(k‖十h)･P
x c o s(rhZ ＋5(3
'
)),(33)
where p - (x, y)･ T he 丘rstter m expre ss e sthein cide nt
lightofEq･(3 1)andthe s e c ondisthelig加 pr oduc ed by
也 e P C. Similarly, w e丘nd below the slab
vi3leikE･r ＋ e2i6'
3
-
'
vi3le 町 r - ei6' ”vij)ei(kM十h)･P
x c o s(- rhZ ＋6(3
'
)).(34)
w
T:seupsI:dPienrtEyq
O
sf;3
V
3
e
㌻
-
a
P
n
a
d
ri
(
t
3
y
4㌢
O
c
d
.
e
急患g
-
th
V
e%'=weVAtL
'
i
thatthe fieldofthe chan nel houtside the sla.b has the
for m
e
i6'2
'
'
vt3
'
)
e
i(ku'h).pc o s(rhlzI＋ 6(i)). (35)
Tlis expr es sion7 Which ha stheform ofa standingwa v e]is
valid both abo v e and below thePC and suits o u rpurpos e
of detel･ minlngthe eigenv alues.
C ･ Bo u nda
'
ry c o ndition a nd fr eqtl e n Cie s ofn o r m al
m ode s
To obtainthe eigen value s† w eput the PC slabsym met-
ricallybetw ee ntw o perfe ct mirr ors) as show nin Fig. 4.
We pュace the mirror sat a - 土L. To deter mine the nor
m alm ode s ofthe whole spa ce of - L < I < 十LI Which
ha sthe PC at the c enter
, w eimpo s ethe boundary c on-
dition that the lateralc omponents of the ele ctric 丘eld
vani血 at the mirro rs.
To and a s olution subject to this bou ndary c ondition,
we superpo s eEq･(35)over3
'
and h
hN 2 N
E(r) - ∑ ∑ei紳
'
vt3
'
)
e
i(k‖'h)
･P c o s(rhrZI＋ 6(3
'
))a,･,
h - h13
'
- 1
(36)
withu nknow nc o eEicients C
3
･
,
Whichw edetermine s othat
E(r)s atis丘esthe bou nda ry c onditon･ T helateralco
.
m -
pon e ntB are 諾 a rldy) a ndthey ar e obtained byretur nlng
2∧l
∑ ei6
'”
1･EvL3
1
)
c os(rhL＋ 6(3
-
))c,･ - rh
'
3
'
= l (
fo1' all h･ Asthe determinantofthe2x2 matrix r;is n ot
2;e r O
)
the colu m n vector ofthis eqtlatio nshouldv anish.
fro m thelo caJIco ordina･te sto the丘Ⅹedc o ordin a･te s
,
which
ar eobtained by usingthein vers eofthe matrix R吉given
by Eq･ (Al)･ Retaining a 2 × 2 block of m atrix(R吉)
- 1
for c on versionfro m(1, 2)to(a, y), we denoteitas r吉.
T he pr ocedure of Ap pendix Athenleads tO
(E｡(r)Ey(l･)
h〃 2+〟
-
孟宗e
i6(3
''
rh
･
vl
'f
r
'
e
i'k M '･P
x c os(rh[zl十6(j))a,･ , (37)
the product r吉vi3
1
)
giving a c olu mn ve ct. I c .mp｡s ed ｡f
the T a nd y co mponents of vi3
'
)
. T he right-hand side
Z
FエG･ 4:Tw opa･ra･nel mir ro r spla c edat 2 = j=Lto c o n siderthe
Fabry-Per ot n o r mal m odes･ We c o mpar ethe m mber ofthe
n or malm ode s s et up betw e e nthe mirror s with a nd witho ut
the slab P Cpla c ed at I = 0.
ofthis equation shouldvanisll at the mirr or s ul･faces at
I - j=L･ Sincethe plane- w a v e s e
i(kIJ＋h)･P ofdifere nth's
ar elillearly h dependent, it theTlfollow sthat
∑,?=
N
le
i8'5'
vi3
'
)(1)cos(rhL＋6(3
'
))a,･
∑3=Nlei6'5'vi3
'
)(2)c os(rhL＋6(3
-
))a,A
- o (3 8)
F hlal1y)the c olldition for any open chan nel h le adsto
i - 1
hl
bl
b2
b2
h〃
e
i∂
e
i∂
e
i∂
e
i8
v£11
Will
vile
”il,
(1
(2
(1
(2
c o s(rb
co s(rh
c os(rh
c o s(rh
L ＋ 6
L ＋ 6
L ＋ 6
L ＋ 6
2
) ei8`
2'
vi
2
1
)(1)c o s(rhlL ＋ 6(2))
) ei6
'2'
vi21)(2)c os(rhlL ＋6(2))
) e
i6(2'
vi22)(1)cos(rh,L 十6(2))
) ei8
'2'
vi
2
,
)(2)cos.(rh2L 十6(q)
This equation re v ealsthat theindexi ofthe eige nvalue
of Sc an not
･
in ge nera17 be theindexto speci& thepor
-
m alm ode s･ Rather) co mbined eHect of al12
･
deter m ines
the normal modes･ Ifit we ren otforthe su m o v er3
･
in
Eq･(36), we would have obtained the eigenvaltle equatio n
from Eq･ (38)
cos(rhL十 6(2
'
))- o, (4 0)
for a singlej･ T his equ ation should be satisfiedsim ulta_
ne ou slyforall h7sbythe eigen value ofLU. Thisisindeed
impo s sible, for a solution forLJOf Eq.(40)ofa particu-
lar h depends onthath and it c an not in generalsatis&
Eq･(4 0)for the other open chan n els.
We hav e sofar c o n c entr ated on the e v e n-pari ty solu-
tion s
)
c onstnlCted by u sing the e v en -parity eigenphas e
shiftsi - 1, 2, I ･ ･ , 2 N･ For the odd-pari ty eigenphase
shiftsj - 2N ＋ 1, 2N 十2, . . . , 4N, an analysis simi1a rt.
the abo vele ads to an od d-pa rity s e cular equation) which
is given by Bql(3 9)withthe c o si
.
n e sal1repla c edbysines･
W he n the mirror sym metry lS abs ent in the slabl a
superpo sitio n ofe v en a ndoddm odes con stitutes asolu-
tio n･ In this c ase, the phase space oり - 1, 2, … , 2Ⅳ
andthat of3
'
- 2N 十1I 2 N十2, ･ ･ ･ I4 Nn olongerde-
c ouple･ 放七e nsio ntotllislesssym m etric caseis simi ユa･rly
c aried o ut･ Our remainlngta sk is to cou nt the n u mber
ofsolutions of Eq･(3 9)in a give nfrequen cy1･a nge .
ⅠⅠⅠ･ C H AN G 丑 O F D EN S IT Y O F S T A T ES
Letus denotethe m atrix appearingin Eq･ (3 9)ofthe
e v en-parity m ode s a sM ･ T he elgenV alue sforthe nor mal
CI
C2
C3
C
3
･
C2 N
= U (3 9)
mode s a re Obtainedfro m
deもM - 0･ (41)
We c arlei mina･tefr om M thefactorsthat areirrele va nt
in determining the eigenvalues･ First, w e divide e ach of
the c olu m nsby
e
i6'l'
,
e
i6' q
,
‥ ‥ (4 2)
We further elimin ate the fa ctor cosrhL f1
･
om the hth
rows and c o s6(3
'
)fr o mthe3
･
th c olu m nofthe m atrix M
)
r n aking use of
co s(rhL･6'3
'
')- cosrhLc os6'3
'
'[1 - tanrhLtan6(3
･
,]
in Eq･(3 9)I Thes efactors c a nberemoved becausethey
ar eindepe ndenteitherof thepha s e shifts6(
1)
, 6(2)) ･ . ･ or
the size L ofもhebou ndary co ndition:the eige nvalues LJ
m ustdependo nthem both in vie w oftbeinduc edshifts of
frequen cyfl
･
om thefree- spac e values･ By this proc edure
w earele氏 witb
detM - 0 - detM′ - 0
, (4 3)
where
M / ≡讃
(1
(2
(1
(2
(1 - tarlrh
(1 - tanrh
(1 - tanTh
(1 - tanrh
エtan∂
Ltan6
Ltan5
エtan∂
The polesofthefa ctors
tanrhlL, tanrh2L, . . .
of M/ or the solutio nsofcosrhL - 0in the complexLJ
plane, giv e even- parity elgen Values ofphoton sinthefre e
spa c ebo unded by the mirr o rs･ Ther efore, we c onclude
that the eigenv alu es perturbed bythe pl
･
C SerlC e OftheP C
are glVen by the zero s ofdetM
/
,
while the u npe1
･tu rbed
eigen value sin
l
the abs ence ofthe P Caregivenby the
pole sof detM
′
. T hu s
,
theincr e ment ofthe nu mber of
ther10r malm ode sduetothepres enc e ofthe slabP Cin a
frequencyintervalisgiven bythe n u mberofpolesthe1･ein
min usthe nu mber ofzero s.
n'or nthe the ory ofc omple xfun ction(see Ref. 12,for
exar nple),theincr e mentofthe n uユTlberofm ode s ofwa v e
v e ctor k)Iin the frequencyinte rval[LJo, U], de n oted a s
△Nk‖(叫 LJ),is given by
叫 ･(wo;”)ニ ー去I-[1ogdet M
/
(LJ＋ie)
detM /(wo ＋ie)], (45)
where
.
lm[. ･ ･]standsfortheim aginary partof[･ ･ ･]and
＋ie(a - ＋0)showsthat thelogarithms are eva.1ua,tedon
the up per edge ofthebra nchc uton
'
the r e al” axis. The
change ofD OSat thefrequ encyLJ･ denotedby Apk”(”),
is obt ained by diFerentiating △Nk-I(uo;”) with re spe ct
to ”.
It s e ems di凪cult to reduce detM / further to obtain
△pk”(”)be ca use the depende nc es o nthe c olu m nindex
h and row index 3
'
al･e both pre s ent in the m atrix ele-
m ents ofEq･ (44)I ln the spe cial 1imitlJ - ∞ , how e v er,
we c an proce ed furtherto arrive at the 丘nal a nalytical
expres sion･ In thislimit, w e血d(Ap pendix B)
tanrh(w 十ie)L - i (L 一 ∞). (4 6)
Thus
,
h･om Eq. (44), we 丘nd
det M/ = deも彊
1
2
1
2
1
2
1
2
凱
2 N
x口(ト i tan6(3
'
)). (47)
3
1
- 1
1
2
1
2
1 - tanrhlLtan6
1 - tanrhlLtan6
1 - tanrh2Lta n6
1 - tanrh2Ltan 6
2
2
2
2 (44)
T be 丘rstfacto rofthe rigbもー11and side is u nity and c弧
be rem o ved･ This property of the elgenV e CtOrS CO me S
fro mthe u nitarity ofthe S m atrix and the re ality of
the eigenv e ctors, thelatterbeing gu a1
･
ante ed bythetim e
re v ersalsym m etl
･
y Ofthe S matrix. Sin c e
I-[1og,51(1 - i ta n6(3･,)]-望I-[,og'1 - i tan6(m]3' - 1
2一Ⅳ
ニ ー ∑6(3
'
)
,
3
'
ご 1
we 丘nd
Apk..(”)
(e v e n' - 孟△Nk..(u o'U)
- - 碑 og,$1(1 - i tan6(1
1
7｢
2 N
∑
3
1
- 1
d6(3
I
)
dLJ
(48)
(4 9)
for .even-parity P Bs･ Thisis ouranalexpre s sion forthe
inc rem entofD O Sofe ve n-parityPBs. We haveas signed
the supe r script
l
e v en) to empha sizethat･ T he expre s sioll
fo rthe od d-parity P Bs is si mi la r e x c ept that the odd-
parity eigenphas e shifts6(3
'
)(3
'
- 2N＋1, 2 N＋2, . . . , 4N)
are u sed:
一三望△pkl.(”)(odd) -
3
'
- 2 N十1
Altogether, w e丘nd
d6(3
'
)
dLL)
△pk”(”) - △pk(1(”)
(e l′e n)十 △pkI.(”)
(od d)
1
`
汀
i.e. the LJ-de riv a七iv e
4.〟
∑
3
'
- 1
d6(3
.
)
dw ･
'
(50)
(5 1)
ofthe su mofthe 4Ⅳ eigenpll a S e
shifts gives the total change ofDO S. T his expres sion of
the totalinc r em e nt is show nto be validin the a′bsen c e
of the mirrorsym metryin the xy plane of theP C.
I V･ A P P L I C A でI O NT O P H O T O N I CC R Y S T A L S
O F S P H E R E S AR R Y 丑D IN A SQU A R E
LA T T I C E A N D A S IM P L E C U B I C L AT T I C E
Inthis section
,
we applythe abo vefol･m ulato slab P Cs
of ar rayed spheres･ We examin e2D syste m sofdielec-
tric spheres al
'
rayedperiodically･ Based on Eqs .(49)and
(5 0), w e calculate the D O S for m o nolayel･ and stacked
layer m odel P Cs･ We cho osen, the l･efractiveindex of
spheres, tobe l･44, havingin mindpoly七e七ra触 oroethy-
1ene(P TF E)13sphereswhosediam eterisinthe millim e_
ter range) aridlet ther atio ofradius a ofspherestolattice
?on stant a be a/a - 0･5, forthe system ofsphere sjust
ln C O rltaCtin the squal
･
elattice･ T hese param eters cor-
r espondto the PCs) which w ere a ctually prepared and
usedto examinetheir opticalpr operties e xpel
･im ental1y
in the millim eter w avelength r egio n oflight.14
Light s c attering fr o m a slab of ar rayed dielec-
tric spheresis tre ated pr e cis ely by the v e ctor IくK R
for malism15
-17
a nd layer K K Rfor mal ism-
6
,17whichgive
ushi斡quality n um erical datafo1･ the 'J' and R lights and
hen cethe S m atrix de触 ed by Eq. (26)for apl･eS Cribed
ku value･ Allthe eigenphas e shifts are the n obtained
by n urnel
･
ic ally diago nalizing the S m atl･ix･ We empha-
size thatEqs･ (4 9)and(50)are ge nel･al, notli mi tedto
system sofsphere s, if onlythe amplitude s of T and R
lights ofallthe open chan nels are c alculated. We asu me
the squ arelattice ofspheresin thelate ralpla･ne andthe
simple cubiclattice when thela,yers are stacked.
First w e study the m onolayer systelTl･ This syste m
wa s examined boththeoretically ande xperim entallyby
Ohtaka･ etal･?
llKo ndo
l
et al･18a nd Yan o
T
et al- 19The-
o r eticalanalysis w a sals ogiven for the D O Sin the fl･e_
qtlenCyregion ofn odi取a ction ･ In whatfollows, weinves-
tigate theincre ment of D O Sforthelateralw ave vector
k”d/27T- (0･3, 0), which was cho s en a rbitrarily.
Figure 5depicts 2D R Lpointsin thek拓ky plane〉 each
spe ci丘edbythepoint(27T/a)(m , 九)ofthe squa.relattice .
A cir cle ofradius ”is als osho wn wi thits c ellter Placed
at kud/2汀 - ト0･3, 0). In the 軸ure, circle s of thl.e e
diGerentradiiare drayn･ n
l
O m Eq･ (5), the chan nel h
opens when theradiusIncre a s e swithLJtO Cl
･
O S Sthepoin t
h･ The n umber ofthe RLpointsin sidethe ci1･Cleis equal
to the n u mberofopen chan nels at ” .
Fol. a nincidentlight offrequ en cy ” a nd w ave ve ctol･
kll) W eCa nim agine an Ew aldsphere ofr adius” in the
(k｡kykz)spa ce, who s ec e nteris pla c ed at
(- klい- (LJ/c)2 - k石)
The ve ctor draw nfr o mthis c enter to the origin k - 0
repres entsthein cident w ave ve ctork＋ ･ A circle of Fig. 5
m ay als obe view ed as alo cu softhis Ewal dsphere cut
by the plane kz - -
lying;
(”/c)2 - k箭, wherethe ･c e ntcris
int his picture, thelattic epoints orFig. 5 ar ethe
horizo ntalview of the 2D l･e CIPr O C alユattic e r ods alTayed
paralelto a .
也
2¶
ト0.3,0 (1,2)
0.70 (
1,1)
.
. . _ .
.
q l･04
/
' ､
､
､ (1,0)
l l
J l
･今
ト2, - 2)
(1, -1)
1.22
ト1, - 2) (0, - 2) (1, - 2)
盤ゼ
2rc
FI G･ 5: Circle s Ofradiu s w a nd 2 Dr ecipro cal 1attic es(R L)jn
the k王ky pIAn e･ The ce nter ofthe cir cle s sho w nby the open
squ a reis taken at(k叫 k少)(a/27T) - ト0.3, 0), c o rre spo nding
tothein cide nt co ndition klld/27TI (0.3,0)under sttldy. T he
R Lpoints Ofthe Squ ar elattice a r e sho w nby open and s olid
points. T hr ee circle sar egiv e nto sho wthe criticalsitu a,tio n s
ofcha n n el opening, withthe to u ching R Lpoint ofe ajCh c as e
indic ated by the Riled lattic epoint.
As u incr e ase sin Fig･ 5 with had/27T触 ed at 0.3, the
circle be co me slarger, to uching &rst the point hd/27r-
k･1よnOi諾1Tgdh/t2.qfCk:-望L7aOrも:oh芸ptilael･?iEcrhuaEende.Th綜o=f
ト1, 0)･ ThefreqtlenCy Wd/2打 C - 1.0 44isforthe s e c o nd
c onta ct
,
when 七wo additio71alch an nels
,
hd/2打 - (0, 1)
a;Jld(0, - 1), open･ T hethird(fo.1rth)conta ct takespla c e
a･tLJd/27TC - 1･221(1.30). Figure 6sho ws N,tll@ nu mber
of operl Cha･n nels, in the(k缶, U)planefor tユIeincident
light ofklZ - (k芯, 0). The vertical dashed line c om.e-
sponds もothe c ase(k打, ky)(a/27r) - (0.3,0), pre s ented
in 上
'
ig. 5.
In the fl.eque nCy region 0 <wd/2打 C < 0.70, there is
no diqra c七ion(N - 1)for(k｡ ,ky)(a/27T)- (0.3,0). We
hav e oneplane･wave Tlightofa c omplex amplittlde Too
ando n eR lightofa c omple xamplitude Boo,repres enting
directlytransmi ttedlight a nd spe cularlyreflected light.
The S matrixis 4 x4
, yieldingfour eige nphase shifts by
diagonalization･ They arep-polarized a･nd s-polarized
eigen modes, both classined furtherinto ev e nand odd
parities ofthe mirror renection in 七he xy plalle･ The
p and s m odesdecouple becaus e ou r choice of kJltO be
di1･eCted along the A axis of2D Bri1lonin zoTle guaran-
te esthe milTOl. Syr n metl･yill the ” plalle(the p mode
is eveTl aTldthe s m ode is odd). An alysis of Ref. ll
(Eds･(A12)and(A15)tller e Of)pro v edthatthe s u mof
thefoureige nphas e shiftsis equaltothe su m ofthepha s e
of
'
1しu ofp-polal･is ed incidentlightand thatofs-polariz ed
incidentlight fo1. thefrequency range ofN - 1. Nam ely,
the phase ofTooof the p-polarized light is equalto the
s u mof(p ＋)and(p -)eigenpha s esllifts . T he s ame holds
1.5
0.5
0
葛J点
(5)
I
(ラう
1
l
l
'
l
I
3 0＼ lゝ (6)
4/1.
(4)
1
:
2
a 7 0
1.0
(N- )
(N- )
0 0.1 0.2 03 0.4 0.5
(r) kA (X)
2丁亡
FI G･ 6: Nu mbe r ofope n2 Dr ecipro cal 1a･ttic epoints aBfu n c-
tio n s ofLJ andk芯,in the r-Ⅹ dire ctio n(ky - 0). T he n u mbe r
N ofthe ope nR Lpointsis giv enin par ent壬1e Sisin ea ch r e-
gio n･ T hr eethre sholdv alu esfo r ud/2打C OfchaT m elopening
are giv enfo rthe c a s e of k｡d/加 - 0.3, co rr espo ndingto the
thr e e circles ofFig. 5.
tr ueforTooofs-polarized light. Therefore, the I)OSfol･ -
m ula de丘nedin Ref･ llisreproduc ed bythe specialc a s e
N - 1 ofthepres entgeneralthe ory.
In the 血equency region ud/27TC ≧ 0.70, w e entel･ the
new regim e ofN > 2. We co mpare the calculatedtrans-
mittanc e]Tool2 .f7hedirectlight withthe D O S f.r m ula.
We re strict ou l･S elvesto the response ofthe s-polarized
incidentlight? be c aus ethe dis cus sion of the pincide n c e
is si milar.
Let u sarst ex amine wi1at the pr evious DO S for Ⅲ ula,
validonlyforN - 1,yieldsinthe c as e ofN ≧ 2. Nam ely,
w eplot the phase ofToo ofslightas ou 1･ DO S. Figure7(a)
shows the calculatedLlbu12forthe s-light, and Fig. 7(b)
show s七he phase ofthe s-light Too. Note that w e ca n
tre at s c ala r
'
j
T
oo in obtaining the pha sebe c aus ethe po-
larization of the dire ctly tra nsmitted light is the s ame
a sthe incidentlightfわr kllalong the △ axis I Thereis
perfectcoincidenceinthe po sitions of thefin estru cture s
in Figs･ 7(a)and7(b). Con sequently, the D O S fol･m ula
valid for” - 1stillw orksin the cas eA/ ≧ 2 for sim -
plyd弓terminingthe existenc eofPBs. How ev er, we note
that a corr ectD O Schangedueto the pres en ce ofa PB
m ode should be o ne, i.e. the s u mof,the phase shifts
sho uldchange by 灯, Whenev erLJincl
･
e aS e StO Cros s aP B
m ode,l lIn Fig. 7(b), we s e ethat the change of thepha se
shi氏 at any fine structul･eis v ery short of7T･ (Forco
.
m -
paris on,in Fig･ 8, weplot the sitlatio nse enintheregio n
of lV - 1to show that thepro cedureinde ed wo1
.ks there .)
Neither the DOS of P Bs nol･ thele akage-induced lifetime
estim ated from Fig. 7(b)is hardly reliable . For e x a m-
10
plゃ, pea･ks and hl rnP･5 0fthe cur v e sof Fig. 7(b)produce.
singularline-shape sin the D OS pro丘1e wherldiHererlti-
atedacc ordingto Eqs,(4 9)and(･50), quite di8
'
ererltfl
･
orn
Lorentzian shapes expe cted fl
･
Ornthe ge nel
lalthe ol･y of
lifetim ebro adening. To sum m a rize, the straightfor wal
･d
e xte nsion ofthe D O S form ula of N = 1to the n ew l･e_
gion ofN > 2 does not give coITe Ctinfor matio n. This
inc o rectpl
･
O C edure usingthepreviousD O S fol･ m ulado es
nottake proper a cc ountof di Hra cted w aves･ So w e apply
thepres ent f 血n ulade鮎 edby Eqs ･(4 9)a nd(5 0)to tllis
c ondition.
Figure 7(c)depicts the su m ofthe eige npha s eshi允s
4 Ⅳ
=6(3
'
) (52)
3
'
- 1
ofEq. (5 1), which w e claim to be a corl･eCtfor lm tla fo.r
theincrem e nt ofD O S. We c an e asily classifybyinspec-
tion the whole set of eigenphase shifts into the p- and
s -polarized m odesby the n u m erical1y calculated eige n-
v ectol
'
S Of S. We r et ain in(c)only the phase shifts of
s-pola rized m ode sto obtain the D OS of s- a ctive 上
'Bs,
whichis to be c ompared withthe str a n smi tta･ncelTooI2
giv enin(a). W e display the su m of the pha s e shiftsby
dividingit into 土 pa1
･
ities of the mirror syrn metry wi th
respe ct to the xy plane . Pan el(a)obvio u sly c onBrrns
that the s u mofthe eigenphase shifts corr e ctsthein su臥
cie nt m agnitudes oftheju mps a.t the excited P Bm odes
shown in Fig･ 7(b).
Figure 7(d)show sitsし･一derivative, theDo softheP Bs
of(k缶, ky)(a/2汀)-(0･3, 0)I T he DOSpl･0fi1e c onsists of
Lore ntzian pe aks, asitsho uld, who s efullwidth athalf
m axim u血(F W H M)givestheinver se ofthelifetim e ofthe
P Bs . Any opticalre sponse ofa P Cis related m ore ol･les
toits DO Spro丘1e a ndgene r allyba.s a r e s o n a nte hanc e-
m ent a c c o mpanying a P Bexcitatio n. For ex ample, the
F W H Mof excited P Bm ode sprim arily dete1
･ min esthe
emission spe ctru mfro m a n atom in a PC. T hree D OS
pe a･ks ar o und LJd/27r C= 1･3 ofFig. 7(d)pro vide anesti-
m ateF W H M- △ud/27r C =0.0 1,le ading to an estim ate
ofQ - LJ/△u = 100. The kinks se en at thefr9quen-
c
.
ies ofchan n elopeningin Fig･ 7(a)are in teresting･ The
slngulal
･ behavior ofthe spe ctru masso ciated with the
chan nelopening ha sbee nhistorically n a medthe Wood
ano maly
20
and was analyzed in detailin quantu m m e-
chanic stextbo ok･2 1various kinds ofsingulal
lities
,
ap
-
pea ring Often as sharpldnks buts o m etim e s a sdips or
in且ectio npoints, ar eknow nto a,risein the tran smission
spectru m. Se eRef. 2 2 for the variety ofsingularitiesin
the c a se ofa P C･ In Fig. 7(d), we ha ve plotted the in -
cr e m e nt of DOS dueto the pres en ceofa slab P Cand
den oted it simply as D O S･ Actually, therefore, a nega-
tive D O SofFig･ 7(a)just abov ethe chan nel openi
.
ng
standsfor a de cr ea s e ofD O S, We belie vethe negativ el n-
cl･em entOf D O Sto be a gen uinefe ature ass o ciated wi th
Wo od anom al ies.
Next
,
w etul･ntOthesystem sc ompo s ed ofstacked la.y-
e rs of ar l･ayed P T F Esphere s. Let Ns be the n u mbel
･ Of
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F I G･ 7: 恥equ en cydependen c ein the regio n1.2< wd/27rC<
1･4 of transmitta･n c e a nd in cr e m e nt of I) O Sof s-pola riz ed
light with(kニ, ky)(a/21r)= (0.3, 0), T he c a.1culatiorlis m ade
fo r am on ola;ye rP Cco n siting ofa squ ar ear ray of diele ctric
sphe re s, who separam eter s a･r egiv enin the te xt. Pan el(a)
sho w sthe tra n smitta･n c e ofthe dire ctlight(h - 0),de丘n ed
byf
l
Jbol2･ Tw o a rro w sindic atethe thr eshold fr equ e n ciesfor
the cha nge ofthe n u mber N ofopen cha n n els, o n efr om the
c as e Of N- 4to N - 6 atud/
'
2汀C - 1.22a nd the othe1･ fr o m
N - 6 to N - 7 at wd/2打 C - 1.30. SeeFig. 5 forthe val-
u esofthethr eshold frequ en cy･ Pa n el(b)Sho w sthe pha se of
the c o mplex amplitude deriv ed 丘
･
o m
J
J
.
oo/[
'
JtooI, which w o血d
yielda c or re ct S um Ofthe eigenpha s e shifts when N = 1.
Pan el(c)sho w sthe stl m Ofthe eige nphase shiftsderiv ed fro m
the for mula(51)･ Onlythe eige nphas eShifts ofs-pola riz ed
m odes are retain ed･ Pa n el(a)giv esthe c orr ect D O Softhe
s-polariz ed PBs, which is defin ed by 恥 (51). Seethetext
fo rthe c a u s e of the sharp decr e as es
'
of D O Ss ee nju st at the
cha n n el ope nings.
stacked layers･ For this c as el to o, a theol
･
eticalaJlalysis
of D O Sw asgivenp1･eViouslyin the region of N - 1.19
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FI G･ 8: Typic al ex a･mple of a n abrupt phas e Change ofthe
c o mplextr an smis sion a mplittlde ･ T he pha se obtain edfrom
To o/lToolis plotted in thefrequ en cy regio n of N I 1. T he
lightis s-polariz ed with(k芯,ky)(a/2q)≡ (0･3･0)･ hcidento
.
A
the m onolayerP Cu sed in Fig･ 7･ T he cb乱nge Ofthephase lS
ju st7T.
In the bilaye r syste m(Ns = 2), the m on olaye rphoto nic-
ba nds ofe a chofthetw olayers, which wi ll be doublyde-
ge n e r ateifthey are Bu氏cie ntly fa r apart, a re c o upledto
pr odu c ebo nd ing a nd a ntibondingP Bstd.te s.23,24The re-
fore
,
a sNs in cr e a se sl the band popula･tio n increasesin
a giv cn fr equ en cy r a nge. Figure 9 shows DO Sobtain ed
fro m ourfor mula e【Eqs,(49)and(5 0)】fo r se v eral Nsin
thesam efrequencyrange anda rr ay ofspheres aB above .
Exc ept in the regio n s ofcha n rleopening,,
we can clearly
se ethe bonding and antibonding splitti喝 When JVs be-
co m e sもwic e a slarge. T he re s o n a nt opticalr e spo n s eof
a P B be com es sharper and sha rperin a c c orda n c ewi th
the sharpen lng Of DOSpe aks a sNs incre a s es. We c an
s e etha七the D O Spe aksforNs - 4 ha v etheir Q values
se v e raltimesla rgerthantho s ein the･system oflVs - 1,
e stim ated abo v eto be about lo ot In this way, we c an
qu anti七aivelydis c u s sthebo nding and antibondil)どSPlit-
ting oflifetim e-bro ade n ed dege n e ratele v elsthroughthe
c o rrect D O Sformula arid c a n calc ulate the Q values of
the splitlev els asfuTICtio n s ofNs . T hes ef払tu r e s a r e ex_
te n sions ofwhat w a sfo u ndpre^ouslyirlthe frequ e n cy
region ofno di鉦 acもion .25
The plot of thel” Si･tio n s ofthe D OS pe aks a sfunc-
tions
10(a)
of kllgiv es
illustr ates
alo ngthe r-Ⅹdire ctio n ofthe m o n olayerPC exa min edin
Fig･ 7･ We sho w o nly thebandstr u ctu r e ofs- a ctiv ep us)
deriv ed from the s- a ctiv e eigenpha s e shifts ･ T he empty
(且11ed) circles c o rrespond to the m ode s with even(＋)
(oddト))parity withrespe c七to the xy mirro r sym me-
try. T hegeneral fe atures ofthe calculated bandstr u ctur e
are u nderstandable u singthebandstructure ofan empty
lattice. T he simi larityto an emptylattic e stem sfr om the
fa ct that w ehave u sed a smallrefra ctiveindex n = 1,44
in the a n alysis･ For a P Cof la rger n, no proble m arise s
e x c ep七 払r a slo w er c o n v erge n c ein the c alc ulatio n ofthe
m atrix S
, which, to o,is o v e rc o m eby the壬( E R fonnula -
tion us ed le re.
thebandstru ctu r e ofle akyP Bs･ Figu re
the
_
ban中tructurefo rk[ - (k詔, 0),i.a.
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FI Q･ 9: In cr e m e nt of D O Sofa slab P Cofsta cked 2 D･1ay-
e rs a8 afun ctio n of 丘eqlユen Cy. N& is the n ll mber ofsta cked
layer8･ T】ユe reSulもis giv e nfo rP Bs of s polariz a,tion with
(kェ, ky)(d･/27T) - (0･3,0). P an el(a)is a J epr Odu ctio n of
Fig･ 7(d) and sho w sthe D O Sofa･ m on olaye rP(コ(NB - 1).
T he s o地 (dashed)cu rv e sho w sthe ev e n-parity(od d-pa rity)
P Bs･ T he Q v a,ln es ofP Bsimpr o v e, o r their lifetim e Bbe-
c o m elonger a ndthede n sity ofthe pe aksin cr e as e s, whe nNs
I n cr e as e s.
In the baTld str ucttlre Of Fig. 10(a), there ar e som e
bands ha;ve dis con ne cted pa.1
･ts
,
Which aretoo bro ad
to pr oduce adistinct peak there. Figure 10(b)illus-
trates this featllrein the frequen cy 1
･
egion en closed by
the squ al
'
e in Fig･ 10(a)I The DO Spr ofi1esfor e†e n
-
parity(＋) m odes with se veralvalues of･A;｡ are glVen
in Fig･ 10(b), which shows that the lifetime of aleaky
P B depends both onthe w aveve ctor ka= and the bald
index･2･3･11 As k才 beco me slarger) the two peaks ap-
p1
'
O a Ch and atko, - 0.13 they c oalesc einto a single bro ad
pe ak, sho wn bythe thick solid ユin?･ A fu
l
thel･ in c re a sein
k拓, how ev er, r esolve stw o mode s again(e.g., the cas eOf
k
s
d/2打 - 0･1 6). Ne a1･ k∬d/2汀 - 0.13, we c an notfollow
tlletw om odesprecisely.
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FI G･ 10: Band structu r e a ndthe w a v e- v ecto rdepende n ce of
the D O Spr ofile(s-pola由 ed PBs)･ PaJnel(a)sho w stheband
stru ctu re ofa2 D P C(a m - olaye r ar ray ofsphere s)alongthe
r- Ⅹ a xisin the 2 D Blillo uin zo n e. T he pa r a m et rsforthe
P Car ethe s a･ m e a s u s ed abo v e･ T he s olidcir cle s c o rr espo nd
to the e v en-pa･rity m odes ofs polari2;atio n, wl止1e the dotted
cir cle s r epr es ent the od d-pa rity m ode s of s pol乱riz atio n･ A
v ertical hn eis dr a w n at k:a/27T - 0.3, c o rre spo nding to the
c as e e X a･min ed in Fig･ 7･ Pa n el(b)sho w sho wthe wi dth ofa.
D O Spe ak depe nds o ntheb andindex and w a v e v e cto r. T he
pha s e Spa c e en clo sed bythe re cta nglein (a)is ex amined in
(b)･
Ⅴ . Sロ M M A R Y
T his pa･per pre se nts a for mtla for the I)OS of teal(y
P Bs･ Tile D O S.of P Bsin thelea,ky region ofthe phase
spac e(LJ,kn)is akeyfactorthatdeter mines the maglli-
tude oftheres o nant enhance ment ofopticalsignalsfl
･Or n
P Cs
,
stlCh a sthe emissio n cross-section ofphoton sfl
･
Om
aJnimbeddedato m
,
fol･ e XarnPle ･
26-3 0h the DO Scalcula-
tion
,
a complic ation aris esfro m the n eedto take a co unt
ofthe pl
･
es en C e Ofen e rg y- c ar rylng diqra ction cha nnels .
We ha v e show ntha･t the D O Sofle aky P Bs ofslab PCs
is obta･ined fro mthe co mplextransmissioll a ndreaection
a･mplitude sof al1the lights incide ntin the opell Cha n-
n els a ndthatitis expres sed by もhe eigenphascshifts ob-
tained bydiagonalizingtheS m atrixde丘nedusingal1the
di取 乱ctedlights.
Based onthe derivedfor m ula
T
We a nalyzedthe trans-
mittanc e ofincide ntlightfor PCs ofal･ ･ ayed spheres and
demon strated that the exte nded de丘nition of the sc at_
te ring m atrix given in this paperis v ery crucialin tlle
fl
･
equen cyra nge whel
･
e the diHr action chan nels are open .
To show the usefulne s ofthefo rm ula
) w ehave calculated
thedispersion relation sandlifetirrle OfP Bsfro mtheD OS
pro61e obt ainedfor a m odel P Cofarrayedsphel
･
eSOfB-
nite thickne ss.
Sinc e the for m ula require s only the co mplex ampli-
tudesofthe re凸ected andtl･an s mitted w av cs
〉
its applica-
bilityis quitegen e l･a and n otlimitedto PCs ofspheres.
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enc e and Te chnolog y
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Sports, Cultu re, Scien ce and TechnologyofJapan. This
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ministry.
A P PB N D I X A! CH A N G 丑 B BT W B B N T H 丑
L O CA L C O O R D INA T B S A N D F IX 丑D
C 00 R D I N A T E S
Us
kh, (
†xyz
ofth
kh
j= b
ring th
de丘n ed
I), T he
elo cal
y a 3
R吉 -
e polar angle s, Ch, Qh Ofthe wav e v e ct.r
with re spe ct to the 触 ed c o ordinate system
(xyz)c ompon e nts are transfor medt. th.se
c o ordinates(1 23)ofalight ofw ave ve ctors
x 3 tllansfo rm ation matrix
(葦
(
話語)
cosCh C O S伽
〒 sinβh
土sinOhC O叩 h
c osOhSin 甲h
C O S甲h
土 sinOh Sin 仙
The ru1efo rtran sfor m l ngthe ten sor TEh＋,
localcoordinatesis then
TEh＋, 一 R己Th＋h',(REJ)
t
-倭
(護芸
T
c;
l
i
n
e:
h
)A1)
A･om fixedto
謹護)
蓄財(A2)
Thisproc edure cause sthe m atrix elem ents relatedto the
loc alcoordinate 3(i.e. thirdro w orthil･d c olu m n.fthe
right-hand side)to v anish naturally. In this way, we ar e
leftwitha 2×2 matrix den oted手Lt･ By arranging今Eht,
etc･
,
ac co1･dingto the cha･n nel labels
,
we m ay co nstru ct
a4Ⅳ× 4Ⅳ βm atrix. Tlisis the ∫ m atrix
Eq･(26).
S
13
de･6ned by
W he n w eimpos ethebotlndary co ndition at thebourld-
arymirrol･sO nthe x aridyco mpone nts ofthe electric鮎Id
ofchannel h
,
w ehaveto retullnfl･Ornthelo calc o ordinates
(123)to the(xyz)system . Forthe components 1 and
2 of the2
'
th eigenv ector vi3
'
)introdu cedin Eqs.(2 7)a nd
(2 9),thisis accomplished by
(駄)-(rt)t(('vvhi3
3
･
'
;:)･ (A3)
wherethe 2 × 2 transfor matioll m atrix(rh＋)
I
is the 2 × 2
up perleftblock of
･Rh･,
- i
- (Rh･)
ち
-(…蔓ill
l
,
,
'
…蔓,7
7
2
2
2
,
,
'E
(g,,
'
3
3
3
,
,
'
)7 (A4)
where REisde鮎 ed by(Al)and(x,3), for ex a mple,is
thedirection c o sinebetw een the x a nd3 axes
. The(α,y)
c omponent ofvi3
'
)is obtained compa ctlyby
(;)- rI(;), 'A5'
n amelythe productrEvij)give sthe ェ a.ndy c ｡mp. nents
ofvia
l
)
. T his pr oductnotationis usedin Eq.(3 7).
A P P E N D I XB: R R D U CT I O N O F T H 丑 MA T R I X
M I
In Eq.(5)we note
rh(LJ＋ie
/
) - I(LJ十ie/)/c]2 - (k=＋h)
2
(”/c)2 - (klf＋h)2＋ie
rh ＋ie
with anin丘nite simali(i > o), andhenc e
e
irh(w ＋ie
'
)L = ei rh L
-
亡L
Thus
ta nrh(u＋ie
/
)L - -i
e xp(irhL - elJ)
(Bl)
(B2)
- expトirhL ＋ eL)
exp(irhL I L)＋
h thelimitL 一 ∞
,
We Obtain
tanrh(” ＋ie
/
)L - i
expトirhL＋ eL)
(B3)
(エ ー ∞). (B4)
T hel.efore
,
theh depe ndencein the(h, 3
'
)m at rix elem ent
l - tallrh(LJ十ie
′
)Lta n6(3
'
) (R5)
ofthe rnatrix M/disap pears and w e obtahl Eq.(4 7).
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Abstr act
Ba s edo nthe n u m ericalfindingofatw o･dim e nsio nalphot mic mate rialwhich
ha sla樗 e C O mPlete photomic gaps a nd str u ctu llalu nifo mity, w e propo s e a
photo nic plate which c an be used to design arbitr al･ily shaped photo nic
mir rors and micro c avi tie s o n a w av ele ngth scale･ This paper descri be s a
w a v ele ngth
･
si乞ed pa rabohc mir r orthat-can co皿e ct 止ght v ery efacie ntly
witho ut lo s s
･ In addition
, w e pres e nt circula r micro c avities of tu nable
res o n an cefr equ emies wi th hig Ⅴalu e s ofqu alityfactor Q.
PACSn u mbers:71.55.Jv, 42.70.Qs,
'
42.25.D d
§1IN T R O D U C TIO N
P hotonic crystals(P h Cs)are a rtific alphoto nic m ateri als whose periodic
str uctu r e e nge nde rsphoto nicgaps(PGs), r a nge soffltequemies atwhich light
c an not propagate within the PhCs. Usingthese PGs, PhCs c anbe us ed to
c onfin e o rguidelight within the wavelength scale. Theirin cre ased u s eis
a nticipated fo r wi de te clmolo由calapphc ations in the n e ar future. ト3 One
exam pleis a n optical w av eguide, which is ordin ari1y 血r medbyr em oving
periodic ele m e nts along a c e rtain line. Co n s equently,its stru cture should be
c o m m e n s u r ate with the periodicity of the hostPh C. T his challa Cteristicis
diffe r e ntfro m the conve ntio nalw a veguide sof mic row a v es, which ar em ade of
m etalplate sI M etals c a n r efl ct mic row a v e sof arbitraryin cide n c eangle
withotltlo s s･ The r efo re
,
optical m aterials thatha v ebothc om plete PG and
structu ral flexib皿ityinthe w a velengths cale are ne c e ssaryto c reate s u ch an
a rbitrarilyshaped w a v eguidein the opticalr eglOn .
We r e c e ntly propos ed a two･dim ensio nalphotonic m ateri al‥ uniLo ll mly
distri buted photmic sc attere r s(U D PS)･4 tJD PS are for m edby r ando mly
placingpa ralleldiele ctric r ods u nderthe c ondition that dista nc eJRl- EJ･I
betw e e nthe占e nters ofithandJthrods, Rj and Rj, isla樗 e rthan a c e rtain
value Dmin, i･e ･ , lR]･ - Rjl> D,D]･n ･ When r ods ha v e sufBcie n七 de n sity a nd
dielectric co ntra st, UD P S hav e large c omplete PG･ Our study also
de m o nstr ated thehighly efacie nttran s missio n oflightin arbitrarily shaped
w aveguide sthat is c ompal
･
able with w avelength l･ StlCh efBciency is
a chie ved by co mbin ingU D PS andsm o otl Side w ans m ade ofpelliodic rods.
The pre s entstudy show sthatco mbined us eofU D P Sa ndside walls
, wldch
w e c an a U D P Splate, e n ables u sto design tw o･dim en sio nalcu rved mir r o rs
a nd micr ocavi tie s of arbitllally Shape who s e size c an be 1･edu c ed t. the
w a velengthorder.
§2 UD P S PIJArES
Figu re1(a)sho ws a n e xa mple of U D PSplates. Periodic r ods ofradius a
a nd diele ctric co nsta nt 6=12su r llO tl nd a r e ctangula r regio n of∫xJ<80a and
- 2 6･6 7a<j<0･ Ea ch llOd is r epr e s e ntedby a white circle. Then, w e 血lthe
s u lTOu nded r egio n wi th U D PS. We generate more than one m 皿 on r a ndo m
sets ofr odpo sitions withinthe rect angula r region andplac e r ods s uc c es sively
s othat the distancesbetw ee n a rod a nd those alr e ady pla c ed a re alw ays
gre ate rtha n DJ2uh･ This pr ocedu r eyields extr e m ely u nifo r m and de n s e rod
distri butio nifthe n umber ofr ando mly ge neratedr odpo sitio nsis suffic e ntly
la rge ･ In th is study, w e c o m m only cho ose Dm )･D = 4a . 恥 a n smittan c eT is
obtain ed fo rplan e w a vein cide n c e of T MorT E(Eo rH //1･Od a xis)m .defll. m
the po sitiv eJ, a xis by calc ulatingthe e n e rgy且ow at the line L u singthe
m ultiple s catterin g m ethod.5
1
Av e r age tr an smitta nce s ov er fiv e rodc on&gu ratio nsincludingFig. 1(a)
a re sho wn byblue(T M)andr ed(T E)line sin Fig. 1(c)as afu ncti. n .fsize
Pa ra m ete rL2= 27;a/Ja･ Adopting the gap c o nditio n a sJTi< 0.01, w e丘nathe
PG ofT M m ode as O･362三L2<0･5 08 with a v e rage pe n etr ation depth ofabout
2a･ The P Gof T Em odeis0.732<L2<0.782. F如 re 1(a)show sdistri buti.ns .I
totalelectric fieldintensity and energy flow(white ar r ow s)f. rT M m .de
in cidence atL2=0･40(A - 15･71a)･ One c an s e ethe ye皿ow ･r edr egio nof la瑠e
inte n sity lわng paralle to the up per side wal1･ Its periodicity equals the
w av elengtll･ The r e如 e, the tJD PSplatein Fig. 1(a)c anbe r egarded a s an
ideal flat mir r o rwi thout los s･ Detai led calculation lle v eals that w e can
effe ctively r epla ce thistJI)P Splate wi thape rfectly r eflecting且at millrO rat
J7 =0.7a .
To m ustr ate theim po rt an c e ofthe upper side wan, Fig. 1(b)show s a n
e xa mple ofinco mplete U D P Splate sin which the uppe rside wal lis lle m o ved
fro m Fig･ 1(a) andUI)PS are finedin . Average tr a n s mittance ｡f T Mm ode
o v e rAve cas e sin cludingFig･ 1(b)is sho wnin Fig. 1(c)by the gr e n 血 e. As
sho wn
,
the gap positio n a nd depth a re almostide nticalto the blueline
,
indicatingthatgapstru ctu reisindepe ndentofthepl･eS enC e Ofthe uppel･ Side
w all･ Ho we v er
,
the refle ctedele ctricfield dif6e r s completely･ We sho win Fig.
1(b) the distributio ns oftotalele ctric &eldintensity a nd e n e rgyflo w at
J> 0･40･ The ir regula rpr es e nc e oflargeinte n sity regionsis sho w nby the
yeuo w o r red dots in fl･Ont Of inco mplete U D P Splate. This distri bution
de m o n strate sthat.the sm o othn ess ofside wal lsis an esse ntialprerequisite
fo x. the U I)P Splate to w o rk as an ideal mi=･r o r･ A r ecentindepe ndent r eport
hasindicatedtheim po rtan c e of side w ans 払r e氏cient tr a n smissio nin the
w a veguide of P h Cs.6
§3 U D P S M IC R O M I RR O RSA NI) C A m TIE S
Figure 1 inu stl･ate sthe sim ple procedu reforproducing a U D PSplate of
a rbitr a ry shape:fir st de cide the side w an shape･
･
the n 皿 the s u lll･Ou nding
regio n with tJI)P S･ T hel･eby, ifw eplace periodic rods alo ng a cu rv e, w e c a n
produ c e acur v ed mirror ofa rbitraryshape and dim en sio n. Figu re2(a)sho w s
s u ch a n
'
ex a mplein which the tip per Side w allc onsists ofequidista nt r ods
(period=4a)on the pa r abola I - /(4B wi th jk16･67a･ Here
,
,
w er ela xedthe
U D P Sconditio nDR ”･n<IRJ- Rjlalrightandleft cor neIIS Ofuppe rside wallsf.r
sim plicity ofc on st ruction･ Figu l･e 2(b)show sthe TM m odetr ansmittance .i
plan e wav eincidenc efr om positivey axis･ Ob viously, w eobse rv ethe s ameP G
wi ththatin Fig･ 1(c)I D istributio n ofs c atte r ed ele ctric field inte nsity at
L2-0
･
45 is als oplottedin Fig･ 2(a)･ T heincidentplane w av efro m positiv eJr
axisis c one cted rea s o n ably w ellatthefo calpoin七日=o, J=f)ofapa rabohc
mir ro rin the ge o m etricaloptics･ T hisfa ctindic ate sthat the U D P Splatein
Fig･ 2(a)c anbe regardeda s a n alm o stidealpa r abolic mirll.I.
Stru ctu ral flexib止ty of UD PS plate anow s fo rm ation of a
tw o･dim en sional
'
microcavity7 of a rbitrally Shape with gl･e at ea s el Figu 1･eS
3(a)- 3(c)show circula r cavities ofin ner a ndouter radiu s & andRoutbetwe e n
which w e fillthe tJD P S･ The r ed lin e in Fig. 3(a)is a plot ofn or mal ized
ele ctro m agn etic e n ergy U stored within the c avity in Fig. 3(a)or 3(b)f. I
plan ew a ve inciden c e of T Mm ode from the po sitiv ey axis･ S hallP Pe aks
aP Pea l
l at L2-0･40586
,
0･40702, O A 305 4, 0･ 8318, and0.48580 wi th in PG.
T he se state s a re r e so n an ce state s ofthe c a vity･ Corr e spondin g v alu e sof
qualityfa ctol･ 6?atthese pe aks are l･49× 107, 1･3 7× 107, 2.56× 107, 2.95×
106
, an d 3.77x 106.
Figu r e s3(a) and 3(b) also sho w distributio ns of t.tal electric field
inte n sity a nd e n e rgy 且ow at L2=0･40586a nd O･43054
, r e spectively. T he
inte nsity distributio ninside the cavity, sho w nin Fig. 3(a), has four-fold
sy m metry in dicating that th ispe ak corr espo nds to the state withazim uthal
qu a ntu m n u mbe r m=2, whe lle a sthatin Fig. 3(b)r epr e s e nts the state with
m = 0･ The pe ak at L2=0･40702als o sho w sfour-fold sym m etry, bqt its
distri butio nis r otated by 7d4from thatin Fig. 3(a). This r.tati.n is . als.
evident fo rpeaks at L> O A 8318 andO･48580, which repre s e nt the r es o n a n ce
state s with m =3･ We c analso obs e r v e s m oothe n e rg y且o w a rou ndthe outer
circle
･
Thisflo w s mo othn e s sindicate sthatthe oute r side w anplaysthe role
ofa circtlar mirr o r.
Res o na n ce frequ encies of the present cir cular ca vity can be obtain ed
ap proxim atelyfro m the co ndition that the ele ctricfieldv a nishe sat thein n e r
bo u ndary 顔 Rl･n ･ Correspo nding･ size,param ete rs are 由ve nin tellm S Ofthe
zero es of the Be s sel function Jn7GL,A)-0 (m≧0, 鹿1) a s i?mh-JLh a/R･D . F. r
R)･n = 13･33a, w ellaV e n O n-degen er atele v el 払 =o
,
A=2=O A140
, andtw odo ubly
degen erate lev els L2D)=2.A:1= 0･3852a nd L2m =3.A=1=0.4785 within P G. These
value s c oncur w ell wi th tho sein Fig･ 3(a)･ To acllievebetter agr e e ment, w e
simply l
l
educe the cavity r adius R]･n by the o rder of rod r adius a
,
whichis
c onsisten七 with thepositio n ofperfectlyrefle ctingflat mir rorin Fig. 1(a). The
lift of dege nel
l
aCy is ca u sed bylo c al non･ u nifo rmity of rod distribution in
U D P S･ The res onan七色eldhas exponentianyde c aying am plitude with in the
UDP Sr e由o n. Be c aus ethe fielddist ributio n s at L >0.40586and 0.40702
dif6e rby 7t/4r otation, they a r einfluenc ed bythe differe n c eof the rod
distri butio n within UD P S
,
assho w ninFig. 3(a).
Fro m a practicalpoint of vie w, it is de sirableto us e smgle m ode c avity
with
,
say, m =O a nd h=1 m ode一 Su ch a single m ode cavity c an be design ed
e a sily u sing aI m p sc avity･ Ifthis modeis cho s e nto ap pea rin the middle of
P Gat
, e ･g･ , L2
=0.425, the c avity radiusis deteltmin ed a sRiD= 5.66β bec ause
Jk7-0,h=1=2 ･405a nd R)･n =jJD ha/L2D7h･ A c avity of th is siz eis plotted in Fig. 3(c),
whe r eUDP Splatethickne s s(Ro ｡t･ R,･Jiside nticaltothat of Figs. 3(a) and
3(b)･ Co nleSPO nding n o r m ahz edinter nalen ergyis sho wnbythegree n且n ein
Fig･ 3(d)fo rpla ne wa veinciden c eof T Mm odefro m po sitiv eJr aXis. Assho w n
in thatfigu re, o nly a single sharppeak ap pe ars at L2=0.4527 with q=8.30,×
106
,
shifted7 % fro m thepr edictedpo sition . We also sho win Fig. 3(c)the
c or re spo ndin gdistri butio ns oftotalelectricfieldinte nsity andenergynow .
We w 山 b rieflydiscussthe origin of PGs inU D PS. PGs ar efo rm edeither
by c ohel
l
e ntinte rfe r e nce ofs c atte r ed w a ve sfr o mperiodic rodslike Br agg
di 飽actio nin X- r ays orbybonding and anti･bonding
･
states ofMie re s on a nc e
within e a ch rod that a r esi mi la rto ele ctr o nic bandgapsin semic onducto rs.
Thelatter ar efo rm edbylo cal inte llaCtio n･ The refore, they a r e n ot as e as正y
s m e ar edoutbyfluctu ationsin po sition andr adius ofrods a sin thefo rm e r
c a s e･ Therefore
,
w e c oncludethatP Gs ofU D PS res ult fro m inte ra ction ofM ie
re s on a n ce states･ Ho w e ve r
,
a nim porta ntdifferenc e existsbetw een ele ctr .ns
and photons: reso nan c e wav efu n ctions of photo n s are not lo cahzed
e xpon ential 1y･ Rather, they dec ayin inve r s epo w e r andha v e alo ng
･
ra nge
n atu re･ Thislo ng
･
r ange n atur e ofw avefunctionsis r e sponsibleSoilfb1･m atio n
of PGsin U D P Swhich do notrequil
l
e even a sho rt- r a nge order･ Co ns equ e ntly,
U D P Sca n a cquire tllem endou s str uctu ral 且exibnity thatisfr ee 丘o m either
long
･
range o rshort･range ordering.
§4 S U Mn4A R Y
Weha v eproposedatw o･dim ension alphoto nic m aterialcaled U D P Splate.
It is acombin ation ofsm ooth side wals and UD PS fining m aterial. U I)PS
plate al 1ow sthe de sign ofarbitllarily cu rved mirors of w av ele ngth size and
cir cula ll mic r o c avity ofr eque sted=le S O n an C efrequen cies. Be cau s ethe U D PS
cavity shape is n otlimitedto that of a cir cle
,
U DP Splate provi des a n
intrigu mg res e a rch fieldof v arious micr o cavitie s of c o mplicated shape s.
Deta且ed dis c us sio n of varioTI S Cha l･a Cte ristics of U]〕PS plates wi ll be
u nde rtake nin futu r e sttldies.
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Fig･ ll
'
(a),(b)Ex a mple s ofU P D Splates･ In(a), diele ctric rods ofr adiu sa a nd
F 12ar e a l･r a ngedperiodic a氾y within the v a c u um a sside w aus along the
recta ngular regio n ofIxJ<80a and ･26･67a<J<0, wherea sthe uppe r side w an
is re mo vedin(b)･ Theirperiods are 4･Oa and4
･44a alon gthe x andJ, a xe s,
r espectively･ T he rectangleinterio risfined wi thr ods s atisfyingthe c onditio n
that r od dista n c ebelarge r than Dm 血 = 4a･ Volu m efra ctions V(are o.174and
o･164 in (a) a nd(b), re spectively･ Distri butions ar e also sho wn of the total
electric fieldinte n sity and e n e rgy且o w(white a rr ows)at L2-0.40for T M m ode
in cide n c e ofpla n e w a v efr o m the po sitiv ey a xis･ Inten sityin c re a s e sfl･O m
blu e to lled wi thm a xim a of 4･73 and 7･53 in (a)and 0) , r e spe ctively. (c)
Tran smittanc e a safu nction ofsiz epa r am eterL2=2冗 a/Aat thelin eL oflength
5･67aplaced atI- ･28･17a ･ T heplane wav eofT Mo rT Em odeisincidentfro m
the positiv e y axis･ Tr an smittance is the a v el･age of 丘ve co nLgur atio n s
in cluding(a)o r(b).
Fig･ 2･
'
(a)pa r abola mir ror m ade of U =)P Splate,(b)nla n Smitta nc eof TM
m ode at lme L･ Pla ne ァav e of T Mm odeisin cidentfrom the positive y axis.
Rods a re placed alongthe recta ngular regio n offxJ<44･80a and -20a<J<
30･13a･ Lo w e rand light orle氏 side w alls al･e m ade withperiod4.07B and
4･5 9a
･
respectively･ T he up per side w an isfor m ed by puttingrods withperiod
4a alo喝 the pa r abolaI- X?/4fwi th &16･6 7a
･ Volu m efr actio n Vris 0.189
.
In
addition
,(a)sho w sthe dist ributio n ofs cattered field inten sity atL2=0,45 in
the regio nIxJ<66･67a and ･ 40a<J<93･33a wi thm a xim u mintensity of2 4.67.
Fig･ 3:(a),(b), a nd(c)circular cavi tie s of innell lladiu sRjD an d o uter r adius
Ro ut･ Rln = 13･33a
, Ro uF40a, a nd V! = 0･169 hl(a)and(b) wh ne R}･D =5.66a,
Ro ut= 32･33a, and V[-0･171 in(c)･ Theplane w a ve ofT Mm odeisin cide nt fro m
the positive y axis･ Als o sllO Wll a re distributio ns oftotal ele ctric field
inte n sity ande n ergynow at(a)L2=0.40586,(b)i?-O A 305 4, and(c)L2=0.4552 7.
M axim u m丘eld inten sityis(a)9.19 × 103,(b)3.44×106, and(c)1.42× 106.(a)
No rm a】立ed e n e rgy U stor edwithin ca vitie sfor T Mm odeincide nce. Redand
gre enlines c or re spo nd to c avi ty(a)or(b), a nd(c), r espe ctively.
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